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ABSTRACT

Investigation of problems related to the design and control
of a mobile planctary vehicle to implement a systematic plan for
the exploration of Mars has been undertaken, Problem areas
receiving attention include: vehicle configuration, control,
dynamics, systems and propulsion; systems analysis; terrain model-
ing and paih selection; and chemical analysis of specimens. The
following specific tasks have been under study: vehicle model
design, mathematical model of vehicle dynamics, experimental vehicle
dynamics, obstacle negotiation, electromechanical controls, remote
control, collapsibility and deployment, construction of a wheel
tester, wheel wralysis, payload design, system design optimization,
effect of design assumptions, accessory optimal design, on-board
computer subsystem, laser range measurement, discrete obstacle de-
tection, obstacle detection systems, terrain modeling, path selec-
tion system simulation and evaluation, gas chromatograph/mass
spectrometer system concepts, chromatograph model evaluation and
improvement. :

These tasks are defined in detail and the progress which has
been achieved during the period July 1, 1972 to June 30, 1973 is
summarized.
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Analysis and Design of a Capsule landing System
and Surface Vehicle Control System for Mars Exploration

I. Introduction

Current national goals in space exploration include a detailed study
and examination of the planct Mars. The effectiveness of Mars exploration
missions would be enhanced according to the extent to which the investigative
devices which are landed are mobile, to the range of their mobility, and to
the ability to control their motion., In order to achieve bazic mission objec-
tives, and beyond that_ to maximize the return on the commitment of resources
to the mission, formidable technical problems must be resolved. The major
factor contributing to these problems is the round trip communications time
delay between martian and earth control stations which varies from a minimum
of about 9 minutes to a maximum of 25 minutes, This time delay imposes strin-
gent requirements on the vehicle, on its control and communication systems and
on those systems included on board to make the scientific measurements, in
terms of their ability to function autonomously, These systems must be able
to operate with a high degree of reliability and must be capable of calling
for earth control under appropriate circumstances,

A number of important problems originating with these factors and
relating directly the basic mission objectives of an unmanned exploration of
Mars have been and are currently being investigated by a faculty-student pro-
ject team at Rensselaer Polytechnic Institute with the support of NASA
NGL-33~018-091,

This progress report describes the tasks which have been undertaken

and documents the progress which has been achieved in the interval July 1,
1972 to June 30, 1973,

I1. Definition of Tasks

The delay time in round trip communication between Mars and Earth
gives rise to unigque problems relevant to martian and/or other planetary
explorations, All phases of the mission from landing the capsule in the
neighborhood of a desired position to the systematic traversing of the sur-
face and the attendant detection, measurement, and analytical operations
must be consummated with a minimum of control and instruction by earth based
units, The delay time requires that on board systems capable of making
rational decisions be developed and that suitable precautions be taken against
potential catastrophic failures. Four major task areas, which are in turn
divided into appropriate sub-tasks, have been defined and are listed below.

A. Vehicle Configuration, Control, Dynamics, Systems and Propulsion.
The objective of this task is the design of a roving vehicle for
the exploration of Mars. This design includes the aspects of
vehicle configuration, collapsibility for launch configuratiom,
deployment, dynamics, motion and attitude control, capability
definition, and performance evaluation, The efforts of this task
are made within the text of the mission definition and delivery
system constraints, :he ultimate goal ‘3 the development of a
vehicle capable of operating within the constraints of the Ma-s
mission, but flexible in design, to insure rzliability with respect
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to the unkaowns of Mars, and to accommodate the alterations
in the mission as a result of information gathercd during the
exploration,

B. General Jystems Analysis, The objective of this task is to
develop a framework within which decisions in design involving
conflicting requirements can be made rationally and in the con-
text of the whole system and mission. Relationships between
alrernative mission profiles and specifications and weight,
energy and space ailccalion and management will be sought,

c. Surface Navigation and Path Control. Once the capsule is landed
and the roving vchicle is in an onerational state, it is necss-
sary that the vechicle can be directed to proceed under remote
control from the landing site to specified positions on the
martian surface., This task is concerned with the problems of
terrain sensing, obstacle detection, terrain modeling, path se-
lection and navigation betwcen the initial and terminal sites
when major terrain features precluding direct paths are to be
anticipated, On board decision making capability must be designed
to minimize earth control responsibility except in the most adverse
circumstances,

D. Chemical Analysis of Specimens, A major objective of martian
surface exploration will be to obtain chemical, biochemical or
biological information. Many experiments proposed for the
mission require a general duty, gas chromotograph-mass spectro-
meter for chemical analysis. The objective of this task is to
generate fundamental data and concepts required to optimize this
chemical analysis system.

I1I. Summary of Results

Task A. Vehicle Configuration, Control, Dynamics, Systewms and Propulsion

This broad task has been divided into the following subtasks: vehi:le
model design, construction and evaluation; mathematical modeling of vehicle dyna-
mics; experimental dynamics analysis; obstacle negotiation; electromechanical
control systems and remote control; collapsibility and deployment; wheel testing
apparatus; and wheel analysis, A brief summary of the progress achieved in the
prior interval in each of these areas follows below.

A.1l, Vehicle Design

The fundamental features of a ''third-generation design" vehicle
have been developed and are shown to meet collapsibility, capsule
limitation, and launch configuration requirements. A deployment scheme
which is reliable and requires no special terrain for landing has been
developed. The present design allows for an emergency maneuver im which
the vehicle can, in fact, reverse itself and provide the means for the
vehicle to extricate itself from an impossible situation. A conservative
estimate of the payload fraction of this vehicle is shown to be equiva-
lent to that estimate for a six wheel vehicle, A 0,2 scale vehicle has
been built to demonstrate these capabilitfes,

A.l.a. Design, Construction and Evaluation of 0.4 Scale Model

Construction of a 0,4 scale model of the RPI-MRV has been
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ecssentially completed. The proposed deployment concept has been
implemented and shown to be effective., This model has been used

for preliminary dynemic studies, the results of which are expected
to modify the design detail. ft is intended that this vehicle will
be fully automated and be tested dynamically on appropriate terrains
by remote control during tl.c coming year.

A.l.b, Vehicle Dynamics

'

Equations describing the dynamic behavior of the RPI-MRV using
the bicycle configuration have been developed and are in the process
of being solved by digital computation, In addition, an analytical
model describing a three-dimensional three degree of frecdom model is
under development, The 0.4 model has been tested on an electromagaetic
shaker and the experimental results which have been obtained are being
used to modify the detailed design of the vehicle, These mathematical
studies combined with the experimental studies are intended to provide
a sound basis for modifying the 0.4 model and at the same time permit-~
ting extension of the design to a prototype.

A l.c, Obstacle Negotiation

A digital computer program has been developed to model a two
dimensional vehicle operating in a vertical plane as it traverses
steps, slopes and crevasses, The program provides knowledge on energy
requirements to overcome frictional and static torques. In addition,
the program includes a stability factor which indicates under what
obstacle circumstances the vehicle's stability may become marginal.
These calculations and others to be made in the future will provide a
basis for sizing the motors for the vehicle.

A.l.d, Radio Comntrol

A.2,

The objective of this task is to design, construct and implement
a remote control capability for the 0.4 scale model. The manual input
device, command encoder, radio link and command decoder have been de-
signed, built and tested with the exception of the clocks required at
the transmitter and receiver to synchronize the data reception with
the data transmission. Progress has been made on the control system
in the areas of speed control, command storage, and conversion to
analog levels. To complete the systems, sensors must be placed in the
vehicle and their output incorporated into the control systems, The
radio link and motor controls systems have been interfaced and used
to control the vehicle motors at three output speed levels in both the
forward and reverse directions, As a first step, it is planned that the
complete radio system be installed to permit open loop manual control
of the vehicle. This will be expanded first to close loop control and
ultimately to computer operation,

Collapsibility and Deployment

A solution for the problem of stowage of the RPI-MRV in the
Viking capsule and its subsequent deployment on Mars has been de-
veloped. The vehicle is folded in such a manner as to locate the
center of the payload fraction on the centerline of the capsule, and
to locate the wheels in appropriate positions., The deployment concept
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is such as to permit deployment on relatively difficult terrains,
Furthermore, the parcicular configuration which has been developed
allows the vehicle to reverse itself, if necessary, to avoid an im-
possible obstacle situation,

A.3.a, Wheel Tester and Grouscr Design

A wheel tester system has been designed, built and used to test the
RPI toroidal whecl and altcrnative grouser designs. Slip and power tests
have been performced and cevaluated for five alternative grouser designs.

A.3.b, Wheel Analysis

Existing mathematical models for the design of the toroidal wheel
have been appraised and evaluated. A new iterative mathematical analy-
sis has been developed and has been applied to experimental data, Com-
parison with experimental data and predicted results for concentrated
loads have proved to be favorable, Future work will be directed to the
problem of distributed loads,

Task B. General Systems Analysis

This major task is subdivided into four subtasks: system modeling and
design optimization; sensitivity of optimal designs; time simulation of vehicle
performance; and specification of an integrated MRV controller.

B. 1. System Modeling and Design Optimization

During the past year, the objectives set for this subtask have
been achieved. Optimal designs have been identified and the implica-
tions of these results have been investigated for three major alterna-
tive models, i.e. four-wheeled vehicle with direct earth link, six-
wheeled vehicle with direct earth link and a four-wheeled vehicle with
an orbiter~carth link, These optimal designs specify values of ttec
parameters of the system, e.g., weig it an’ power allocations to the
vehicle subsystems and subsystem performance levels (communications
data rate, vehicle velocity, sciencc time, etc.), It is believed that
the overall approach to the system analysis problem which has been
developed represents a contribution to the design methods for large
aerospace systems.

B.2. Sensitivity of Optimal Designs

The method for the linear approximation of effects of forced
perturbation of one of the parameters of a design from its optimal
value has been derived., The sensitivity of the optimal rover designs
which have been obtained are being investigated by this method,

B.3. Time Simulation of Vehicle Performance

A simulation program that allows the investigation of the per-
formance of designs determined under B.l. in real-time has been
vritten. It is planned that these optimal designs be studied in the
real-time sense to determine their feasibility. The objective is to
analyze the performance of the designs identified under B.1l. with
differing mission profiles and stochastic inputs, (terrain slopes,
emergencies, eatc,).
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B.4. Specification of an Integrated MRV Controller

The objective of this subtask is to investipgate the performance
requirements and candidate designs for the MRV on-board computer, A
queuing theory structure has been developed for determining the type
of computer architecture appropriate for a given sct of requirements,

Task C. Terrain Sensing, Terrain Modeling, Obstacle Detection and Path Selection

This task deals with problems of terrain scnsing, terrain modeling,
obstacle detection and path seclection for an autonomous roving vehicle, Specific
tasks receiving active effort include: the design of a laser rangefinder for
terrain sensing; design of a laser scan system; stochastic estimation of gradient;
sterec and non-stcreco obstacle detection systems; and path sclection systems
evaluation,

C.l.a, Laser Rangefinder Design: Pulse Amplification

Various systems by which a laser may be used for rangefinding
purposes in the ranje of 3~30 meters have been analyzed and cvaluated.
Optical focusing, timed pulse and phase comparison techniques were
compared, It has been concluded that a pulse amplification technique
or a hybrid system combining the timed pulse and phase comparison con-
cepts are most promising, Of these two systems, pulse amplification
appear to be more suited for rapid terrain scanning., A preliminary de-
sign of a rangefinder based on pulse amplification has been completwd
and some of the required electronic components have been constructed
and tested.

c.l.b. Laser Scan Systems and laser Rangefinder Design: Phase Comparison

Alternative laser scan systems have been considered and an
alternative utilizing digital deflection optics or a matrix of laser
diodes and a vibrating detector mirror which can meet the rapid scan
requirement has been developed., This scan system can support a pulse
amplification rangefinder system su h as :hat described under C.l.a.
above, or a system based on phase comparison as proposed under this
task,

A design of a laser rangefinder based onphase comparison has
been developed and construction and testing of some of the electromic
components has been completed. Unfortunately critical components could
not be constructed during this past period and a decisive appraisal of
the feasibility of the phase comparison method will have to be defer-
red to the future,

c.2. Terrain Modeling and Obstacle Detection

C.2.a. Exror Analysis and Stochastic Fit for Gradients

An analysis of the effect of measurement errors, i.e., range
and elevation and azimuthal angles, on the gradient of terrain in
the 3-30 meter range has been undertaken. It is found that measure-
ment errors originating with vehicle motion, (i.e. roll, pitch and
heave) result in very large errors in estimsting the in-path and
cross-path slopes and the gradient, It is concluded that a rapid
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scan system should be used to climinate these errors, Assuming a
rapid scan system obviating vehicle motion effects, the relat

ships between the standard deviation of gradient as a function of
range and of the standard deviation rvanpe and clevation anc azimutha,
crror for a horizontal flat plain have been deteimined, The standard

deviation of gradient varies from less than 19 to about 8% depending
on the measurcment errors of up to a standard deviation of 10 cuw 'n
range and for a data spacing corrcsponding to eclevation and azimuthal
angle increments of 1 minute, Data spacing as determined by elevation
and azimuthal angle ivcrements has a major cffect on the gradient
error. As the spacing is increased, the gradient error is reduced,
Unfortunately large data spacing also implies incrcased lose of infor-
mation, A trade-off between data spacing and gradient error will be
necessary., The effect of an inclined terrain has also been deter-
mined,

As this effort more completely relates the effect of mcasurement
errors on the reliability of terrain model interprectation, specifica-
tion for a terrain sensing system can be deiincd more rationally,

c.2,b. Gradient Estimates Pased on Stereo Mcasurements

C.3.

The method of calculating a stochastic estimate of the gradient
has been applicd to two sterco-measurement systems and compared to
the non-stereo range-angle system, Instrumentation accuracy require-
ments to mecet a 2 degree gradient standard deviation have been deter-
mined for each alternative. The non-stereo system is shown to be
superior to both the stereo-range and stereo-angles alternatives and
indeed is the only system which can be conceivably implemented with
only modest improvements in the state of the art of laser range
measurement,

Path-Selection System Evaluation

The principal efforts have been devoted to improving the
realism of the digital computer simu.atio. program developed in the
previous year and in using the program for system evaluation purposes.
Specifically, simulation of an emergency backup mode, non-zero vehicle
dimensions, and indices for safety and obstacle detection errors have
been incorporated into the program. In addition, the pirogram has been
used to compare two different mounting arrangements for the range-
measuring sensor used by the path-selection system, The two configura-
tions compared have the plane of the sensor beam fixed relative to the
vehicle and fixed relative to the local planet vertical.

Task D. Chemical Analysis of Specimens

This task is concerned with developing the fundamental concepts which

will be required to .ptimize a gas chromatograph-mass spectrometer analysis
system, Topics receiv!ng active effort include mass spectrometer characteristics,
carrier gas generatio: and removal, multicomponent chromatography, and chroma-
tograph model improvement.

D.1.

Cas Chromatograph/Mass Spectrumeter System Concepts
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D.1l,a. Mass Spcectrometer System Characteristics
Y

The mass spectrometer studies are intended to characterize the
major propertics of the instrument, the resulting reolations being
suitable for investigation of system power, weipht, and volume re-
quircements, Relations involving mass resolution for sinple and
double focussing instruments have Leen developed,  Preliminary studics
showed the theoretical analysis of instrument sensitivity to be beyond
the scope of this projert, and empirical relations ave being sought,
Investigation of the effect of major design variables upon power re-
quirements wvas begun, Preliminary analysis of the characteristics of
the ionization chamber filament was completed,

D.1,b, Carrier 7as Generation and Removal

D.2,

Preliminary analysis of high-pressure gas storagc as a source
of carrier gas has been completed, Use of filament-reinforced con~
struction will provide storage capacitly for one year's operation of
the chromatograph within a volume of about one or two liters and a
weisht of about 2 kgm. The concept appears competitive with a pre-
vivugly proposed elactrolytic gas generator, Engineering analysis of
carrier gas removal by diffusion through a palladium alloy tubing be-
gan. A systcem containing only carrier gas and no sample was successfully
modeled, Futurc work with the model will incovrporate the effec*~ of
the nondiffusing sample,

Chromatographic Systems Analysis

D.2,a. Multicomponent Chromatography

Data for the system n-pentine/n-heptane on porous Chromosorb-102
adsorbent were obtained at 150, 175, and 200° C for mixtures contain-
ing zero to 1007 n-pentane by weight, FPrior results showing limita-
tions on superposition of pure component data to predict multicomponent
chromatograms were verified. A nonporous adsorbent failed to separate
the system because of large input sample dispersions. Modifications to
the system to improve sample injection are being considered, An auto-
mated data processing scheme involving magnetic tape recording of the
detector signals and processing by a miuicomputer was rejected because
of resolution limitations of the avaiiable A/D converters, Preliminary
studies on porosity and pore size distribution of the adsorbents were
begun,

D.2.b. Chromatograph Model Improvement

Intraparticle diffusion and rates of adsorption were incorporated
into the mathematical model of the chromatograph to improve representa-
tion of the experimental data. Moment analysis of the resulting system
of equations showed the model to be capable of representing more ade-
quately the spreading of experiwental data, It appeared an analytical
solution of the model was not realizable, and numerical solution methods
are being invescigated. Criteria for substituting a finite boundary
condition required for numerical solution in place of an infinite bound-
ary condition used in prior analytical work were developed. Computational
schemes based on finite differences were shown to be incfficient, so the
method of weighted residuals with orthogonal collocation is being investi-
gated,
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1V, Detailcd Summaries of Progress

Task A, Vehicle Configuration, Control, Dynamics., System and Propulsion

This broad task is concerned with all aspects of the design of a
roving vchicle for Mars exploration, Included within this major effort are
the following subtasks: vchicle model design, construction and evaluations;
mathematical model of the vel ':le dynamics; experimental dynamic analysis;
obstacle negotiation; electronechauical control systems and remote control
systems; collapsibility and deployment; wheel testing apparatus; wheel analysis;
and payload design.

Progress made in these areas during the past interval is summarized
in the sections which follow,

A.l. Vehicle Design
Student Group Leader: J, Almstead

Faculty Advisor: Prof. G, N, Sand

The objective cf this task is to develop the concepts of the RPI-
MRV and evaluate these concepts re’: _ive to the rover mission require-
ments, Efforts during the past year have been directed toward making
the fundamental features of this '"third-generation design" meet the
collapsibility, capsule space limitation and launch configuration re-
quirements, developing a deployment scheme which is reliable and requires
no special landing terrain, and refining the emergency maneuver to better
protect the instrumentation when executed, While satisfying these three
areas of requirements, the design had to remain as simple as possible to
keep structure weight minimized and reliability maximized.

Figures 1 through 8 show the vehicle concept which was developed,
It has the capability of collapsing to fit in the Viking capsule. When
in the capsu’'e, the payload is centered and attached to the mounting
ring in the capsule bottom, The frame is lorked in place and braced
to the capsv”e walls. The wheels are compressed slightly to act as mounts
in the closed capsule, and provide a positive force for the separation of
the capsule.

Deployment on Mars requires only three vehicle motions which can be
done as long as the vehicle has landed safely and the payload is stable
on the ground, Because the wheels are raised above the ground, deployed,
ai:d then placed on the ground, the limfitations on the terrain at the
landing site are minimized, The three vehicle motions involved in the
deployment are rear strut deployment, frame unfolding, and front axle
swing-over. The details of the deployment were reported in Ref. 1.

The emergency maneuver, also described .n Ref, 1, permits the
RPI-MRV to escape from situations which would otherwise terminate the
mission. The vehicle is now able to execute the maneuver without having
to use the payload as a skid as did the second generation version, With
symmetyry, the vehicle is able to awitch front for rear and rear for fromt,
and drive away from the danger,

A first approximation of the payload 'fngtion was made, It defined
payload fraction to be: (Total permitted weight-vehicle)/(Total per-
mitted weight), or effectively: (payload weight)/(total permitted weight),

Yy
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Figure 2, After landing, with the paylo.d package still
H resting on the ground, the front frame and wheel
' structure deploy.
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Figure 3. With payload package still on the ground, and the
A front structure and whee's deployed, the rear wheels
: : begin to unfold,
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A . Figure 4. With all four wheels deployed, the payload is
raised off the ground to the desired height.,
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Emergency Maneuver of the RPI-MRV

Should the front wheel become entrapped in an obstacle,
the payload is lowered to the surface and the rear wheels
are swung over 180° around the central torsion bar which
runs across the payload,

- .
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Figure 6. With the payload still on the ground and the rear
wheels rotated, the front frame and wheels are swung
to the opposite side of the payload, clearing all
antennas and vertical extensions of the payload.
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payload is raised to desired height, and the RPI-MRV
drives away from the obstacle.

f'1!'”’

16.

.
PO PRI PR ST T RO




-
S

17.

Included for the calculation of the vehicle weight are estimates of
the frame weight, motor weight and frame link weight. The results in-
dicated that the greatest contribution to the vehicle weight was due
t¢ the motors, Those weights were conservative estimates, which in-
cluded the motor, motor mounting and gearing weights. The motor weight
estimate was 657% of the total vehicle weight estimate. The calculated
payload fraction was 0,585, The indication is that even with the very
conservative motor weight estimates, the payload fraction of the RPI-
MRV is equivalent to the payload fraction estimation made for the six

wheel vehicle, Ref. 2.

A 0,2 scale vehicle and capsule model has been built to demonstrate
the vehicle capabilities. The basic design concepts are well established
for the RPI-MRV., What remains is to evaluate the vehicle design rela-
tive tc the mission requirements.,

In the finalizing of the vehicle design, the areas of concern are:
evaluation and testing of existing mechanisms, design of locking and
deployment actuation mechanisms, physical damper designs and investiga-
tion of operating parameters, such as power and torque requirements,
structural components, payload fraction and science package operationm.

A.l.a, Design, Construction, and Evaluation of 0.4 Scale Model - W. Embleton

Faculty Advisor: Prof, G. N, Sandor

Construction of a 0.4 scale model of the RPI-MRV has reached a
stage which will accommodate the first tests and evaluations of the
larger scale vehicle, This modelling has indicated the need for addi-
tional design work in the areas of lateral stiffness of the wheel, front
suspension and motor mounts, It has also provided information on the
constraints associated with the hinges, joints and locking mechanisms
for collapsibility and deployment, While bringing to light problems in
the areas mentioned, the scaling up to th: 0,4 scale has reinforced the
RPI-MRV concept as a plausible candidate for the rover mission,

The requirements for the structure of the 0.4 model were deter-
mined by area-moment analysis. Materials were selected to minimize
the frame weight. Once constructed, it was found that the section used
for the frame was inadequate because of its response to shaker inputs,
contributing to the oscillations of the vehicle, Also, the frame pro-
vided insufficient support for the frame pivot. It was changed, the new
frame being more rigid with the frame pivots removed to accommodate the
shaker testing, This frame is temporary. When complete, the 0.4 scale
model will have the required pivots and locking mechanisms for implementa-
tion of the collapsibility and deployment scheme as well as the emergency

wmaneuver,

The problem of the lateral softness of the wheel was noted during
the shaker tests. The vertical input to the front was resulting in a
significant horizontal response of the rear of the vehicle, An investi-
gation is presently underway which will evaluate the lateral softness
problem and make recommendations as to the most effective approach to
increasing lateral stiffness of the wheel while retaining its radial
compliance and minimal weight,
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The front suspension originally on the 0.4 scale model proved to
be too soft when the vehicle was tested on the shaker unit. It was
replaced with a rigid axle. The shaker data taken in both conditions
will be compared to indicate the effects of a soft axle versus a stiff
axle on vehicle response.

The motor mounts and motor locations wili depend on the kind of
motors used to control the vehicle functions. Presently, an effort is
being made to locate appropriate DC motors foi the 0.4 model,

Future work will be directed to designing, constructing and evalua-
ting frame pivots and locking and deployment actuators and to providing
the propulsive power and control systems required to evaluate the per-
formance of the vehicle, Efforts to optimize the design will continue,

A.1.b, Vehi:cle Dynamics - Mark C. Rodamaker, Alan Ryder
Faculty Advisor: Prof. G, N, Sandor

The objective of this task is to provide a mathematical model and
computer simulation of the vehicle to: 1) aid in the basic design of the
full scale vehicle, and 2) optimize the full scale design by predicting
the dynamic response of the vehicle to various inputs. Two approaches to
the development of the analytical model are currently being studied., Both
approaches are described below,

The first analytical approach assume the vehicle to be of a bicycle
configuration, Equations for this six-degree-of-freedom planar model
have been derived using a complementary virtual work method, This allows
the inputs to be displacements rather than forces as required in classi-
cal Newtonian methods. An analog simulation of the model was attempted.
However, technical problems resulting from the mating of more than ome
analog computer forced this method to be abandoned., A digital computer
package "DYNAMO" (DYNAmic MOdels) is currantly being used in an attempt
to solve the derived equations,

The second, more recent analytical model considers a three~-dimensional,
three-degree-of-freedom model (see Fig, 9). Equations have been developed
for a moving reference frame as follows: '

y = vertical translation
Ox = rotation about longitudinal axis (roll)

Oz = rotation sbout lateral axis {pitch)
With these, the equations of motion take the form:
-t'y’ - -y§2x1+zt+zf) + 0, (K, -2,K)) - 0_(bz, - az,)
zxéx + 1”(-6,‘6:? = $(K 2K ) + 6, (43K - 23K v b)
1,6, +1 *y(éxﬂ = y(bz -aZ;) + 0,(-b’2,-a%z

f*"rh)
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where:
Z = rear suspension mechanical impedance (in the vertical
direction)

Zf = front suspension mechanical impedance (in the vertical
direction)

Kl = mechanical impedance of side suspension (in the vertical
direction) (front-rear wheel combination)

m_,w = mass, weight of sprung vehicle

h = height of center of mass of sprung vehicle ahove
horizontal plane of unsprung center of mass .

Ll,ﬂz,a,b = dimensions locating center of sprung mass, Figure 9.

These simultaneous equations remain to be linearized and solved.

Actual physical testing of the 0.4 model has been conducted, A
re capacitance-displacement measurement system has been used to measure
u responses. An electro-magnetic shaker unit has provided oscillatory
inputs to the model. Three dimensional front end frequency responses
[} have been measured, in addition to step response data for the front end,

Rear frequency responses have been practically determined. Vehicle

characteristics (mass, spring vates, damping coefficients, m-ments of
inertia) have been measured,

This will serve as the background for analyzing the measured dynamic
responses in order to:

t . 1) evaluate and refine the analytic models
- 2) determine the source of undesirable response characteristics.

W ey ey R M
) -

In the future, it is proposed that the three-dimensional mathematical
! dynamic modelling of the 0.4 scale model be extended to include additional
degrees of freedom. Computations wil. be compared with experimental re-
sults to verify the mathematical analysis., The analysis will then be used
- L to determine the spring and damping coefficients to be put on the experi-
1] mental 0.4 scale model.
| T

In the development of the bicycle model, the next stage involves
modeling of terrain features, This is necessary to calculate the dynamic
pitch and heave response of the RPI-MRV to "typical" Martian surface inputs.
This terrain model will later be applied to the extension of the bicycle
model: a three-dimensional multi-degree-of-freedom dynamic model. Loading,
calculated from the three~dimensional analysis, will be used to size the

" structural members of the RPI-MRV., Analysis of the structurally sized
vehicle will permit reliability and payload fraction analysis.

Faculty Advisor: Prof. G, N. Sandor

The objectives of this task were to extend the obstacle negotiation
study to include the variability of the vehicle center of gravity, a
stability factor for the vehicle condition, a ralization of the
obstacles to a series of straight lines in & plane, and background provision
for the eventual extension of the obstacle negotistion modeling to three

l A.l.c. (bstacle Negotiation - Larry Mabius
' dimensions, :
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A digital computer program was developed to model a two dimensional
vehicle operating in a vertical plane as it traversed steps, slcpes and
crevasses, The geometric technique used in earlier studies was abandoned
in favor of the more general force and moment equation, which simplified
the analysis and accommodates the inclusion of an adjustable payload
height as an additional model parameter. The study indicated that by
lowering the cg. of the vehicle, (at the same time lengthening the vehicle
and placing a greater percentage of weight on the front wheels) the rear
wheel drive torque required to drive the front wheels up a simple obstacle
increased., This was expected, because of the increase in loading of the
front wheels while lowering the center of gravity, The rear wheel drive
torque required for simple step, crevasse and slope obstacles decreased
as the cg. was lowered. The model confirmed what had been expected, This
means that, if needed, an advantage may be gaianed by reducing the rear
wheel torque required to traverse an obstacle by cg., height adjustment,
The torque requivements calculated are based on static equilibrium, not
including friction or soil-wheel interaction,

The program was extended to include a stability factor, The intemnt
was to have this factor serve as an indicator of how close the center of
support (vertical projection of cg.) came for some attitude and configura-
tion to the wheels (the vehicle support points). This will then give,
some indication of the magnitude of disturbance the vehicle could tolerate
before becoming unstable., (Instability is here defined as the vertical
projection of the cg. being outside the quadrangle of wheel contacts on the
ground).

A friction term was also included in the model! by indicating a
torque necessary to overccme the rolling friction of the vehicle. As data
becomes available, this term will be altered to increase its realism for
the vehicle, Presently it is included as a comstant, but could be made a
variable dependent upon vehicle life, speed, soil conditions, and wind
velocities and direction.

Fnergy requirement calculations were made based on the frictional
and static t rques. This should be extended to energy calculations which
include the effects of factors of terrain, soil conditions (including
slip), relutive wind velocities, and vehicle speed.

Additional work in this area will be aimed toward developing an
extension of the planar two-dimensional vehicle and obstacle field to
a three-dimensional vehicle and obstacle field, This extension should
include the testing of combinations of obstacles which the vehicle could
negotiate individually but possibly not in combination, From this will
develop information which will define terrain conditions which pose to
the vehicle true obstacles for reasons of stability, power or torque re¢-
quirements, An extensior of this work will include soil-wheel traction
parameters. This would define completely the terrain conditions and permit
calculation of the vehicle ability to negotiate or not negotiate the in-
dicated combinations of terrain geometry and conditions,

A.1.d,  Radio Control - Mark Rinaldi, Mike Wolf

Faculty advisor: Prof. G. N. Sandor

The objective of this task is to design and build remote control
capability for the 0.4 scale model., This involves establishing « xadio
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link between the operator and the vehicle. The purpose of this remote
capability is twofold, The first is that of observing the vehicle
behavior under varying conditions for identical sets of instructions,
The second is to provide a test bed for sensing and opera. g systems,
These objectives will ultimately require computer control of the vehicle
through the radio link,

The initial stage is the development of a manual input system,
Additional features will be added, and refinements made uatil closed
loop computer control is achieved. Incorporated in this task, and under-
going parallel development is the vehicle function control. The received
radio signal must be converted to a meaningful command to which the
vehicle functions must respond.

The parameters of the radio 1ink system hive been defined and the
system functional blocks designated, T'exibility in the design of the
system and its components has been stressed to accommodate additions and
changes to the vehicle and the commands desiied.

The task of creating equipment designs for the functional blocks has
begun., Designs for the manual .eaput device, command encoder, radio link
and command decoder are complete. They have been built and tested, with
the exception of the '"clocks" requi ed at the transmitter and receiver to
synchronize the data reception witt the data transmission,

Significant progress was made toward realizing only the first of
the above objectives. After some thought it was decided that a digital
communications system would be most appropriate, especially to simplify
interfacing problems with the computer,

From the several types of digital modulation available, Frequency
Shift Keying (FSK) was chosen, primarily for its high noise immunity and
ease of implementation. FSK can only be used for low data rates, but
since high speed was not a primary concern, a data rate of 106 bits/sec.
was chosen,

Another factor in selecting a data rate of 106 bits/sec was selec“ion
of walkie-talkies to provide the necessary radio lick, While their sma'l
band width limits them to slow data speeds, their advanta,2s include theiv
low cost, high flexibility, and the ability tc use them in a two-way com-
mmications link,

The time from September 1972 to January 1973 was spent in developing
general design objectives and syster requirements. Decisions concerning
signal type, modulation type, transmitter type andinitial design con-
siderations vere made during this time.

Most of this effort was centered around the construction of the
Command Encoder, a block diagram of which is showm in Fig. 10, The func-
tion of the Command Encoder is to select data from either the manual
controller or the digital coaputer and arrange it in a format that is
suitable for radio transmission. The two major "blocks” in the Encoder
are:

1, CONTROL LOGIC, takes the input data and arranges it in a
suitable digital format and generates the necessary timing
signals for the transmission of the data,

R SRR ity v .
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2. DATA INTERFACE, converts the digital output of the
Control Logic into the corresponding FSK tomes. -

The Control Logic, Data Interface, manual control panel and the
FSK detection circuitry which reconverts the FSK tones back into digital
data have been designed and constructed. A more detailed discussion of
these devices follows. '

Summary of Work

| The biggest problem encountered was the design of the Control Logic.
" The data format chosen consists of a 8-bit serial for each command trans-
mitted, Since the computer provides data ia this form, this choice was
most convenient, The structure of the command work is as follows (see
Fig. 1l):

1. The first bit, called the flag, is always a logical one
and is used to mark the beginning of a word,

: 2, Bits 2-7 are data bits comprising the command.

The eighth bit is a parity bit. Even parity is main-
. tained and is used for error detection purposes.

As shovm in Fig. 11, the bit length is 9.4 ms, In addition, a 9.4 ms.
timing signal called DATA SYNC precedes every command work and is used to
synchronize the vehicle clock with the incoming data. A complete schematic
of the control logic appears in Fig. 12,

. Y 1N

1 Definition of input symbols:

1. DATA VALID - a high (logical 1) on this line indicates
that the vehicle has accepted a transmitted command.

2. M.R., - Master Reset - a low here resets all systems in
{ 1\¢ Command Encoder,

® e g

3. COMPUTER CONTROL - a high level indicates that the system
is under computer control, All input data cores from the
computer output. A low level enables manual control of

} the vehicle,

g 4, MAN, XMIT (aéb) - the transmit command from the manual con-
troller is entered here,

_ 5. CLOCK - a 106khz square wave derived from the 5.26 mhz master
} clock is used to clock data through the system.

) A 6. DATA IN - data is entered here from either the manual con-
S ”] troller or the computar depending on the state of the :
| COMPUTER CONTROL input line.

] Definition of output symbols:

1, CLEAR - a zern level indicates system clear, (not to be
confused with clear for individual counters or flip-flops)

—_—mEoew S—— =
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2, XMIT - a one indicates that the system is transmitting
and switches the walkie-talkie to the transmit mode.

3. DATA SYNC - explained previously.

4, HOLD - a one indicates that the systemis processing a
comand. In the computer control mode it will imsi. ct
the couaput 'r to hold any new data until the system is
cleared,

5. ERROR ~ a zero indicates that there is a commurications
problem and the vehicle refused to accept commands,

6. DATA OUT ~ eight 9.4 ms, bits that :omprise a command word.,

The control logic was built and tested and after some trouble~
shooting it met its design specifications. Having completed the control
logic, the next goal was the construction of the DATA INTERFACE.

Three frequencies had to be selected to represent logical one,
logical zero, and DATA SYNC, The frequencies were chosen to be well
within the pass band of the walkie~talkies and yet far enough apart
to allow for efficient filtering, All three freyuencies were derived
from the 5.42 mhz master oscillator, (see Fig. 13).

A block diagram for the DATA INTERFACE appears in Fig. 14, The
digital waveforms from the control logic enables one of the three out-
put lines (2048 hz, 2620 hz or 1310 hz) on which appear 0-5 volt square
waves of the corresponding frequency. The lcw pass filter is used to
eliminate some of the higher harmonics. The high pass filter eliminates
the d.c. component and, the new symmetrical signal, is fed to a buffer
amplifier and finally to the walkie-talkie, The 4-volts peak to peak
output signal is reduced to about 200 mv at the walkie-talkie. A com-
plete schematic of the Data Interface is showm in Fig. 15 and typical
waveforms are shown in Fig, 16,

The next task that was undertaken was the construction of a COMMAND
DECODER to reconvert the FSK tones back into a digital signal. The most
important part of the Command Decoder is the tone detector circuitry, the A
block diagram of which appears in Fig. 17. A complete schematic appears
in Fig. 18, The operation of the tone detector is relatively simple.

An amplifier of gain 10 is used to boost the input signal (IC 1)
and a high pass filter removes the dc component, IC 2 is a buffer
amplifier used to provide a low source impedance for the filters,

The active filters (IC's 3, 4, 5) are of the multiple feedback
bandpass type with Q = 10. Trim pots Rl, R2, R3 provide center frequency
adjustment for each filter,

Following each filter is a peak detector the output of which is
proportional to the amplitude of the input sinusoid.

IC's 7, 8, and 9 are voltage comparators used as threshold detectors,
Trim pots R4, RS, R6 provide adjustable thrashold levels for each of the
detectors, The DATA and SYNC outputs are TTL and DTL compatible.
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Summary of Radio Link

With regard to the work completed so far, the major problem was
receiver noise. To ensure proper opcration of the vehicle, a low data
error rate is essential, Although FSK provides good noise immunity,
walkie-talkies are very noisy devices. Initial tests were disappointing,
showing poor system noise immunity., After some adjustment of the thres-
hold levels and better shieclding techniques the performance improved
significantly and is satisfactory.

Major accomplishments during the past year were the completion of
the COMMAND ENCCDER including the manual controller. The construction
of the tone detector and subsequent testing showed that the system is
capable of transmitting relatively error-free data. In addition, the
present system incorporates enough flexibility to allow for many changes
in system requirements,

The problem of couverting the received command into action by the
vehicle was considered in conjunction with, but separate from the radio
link., The system decided upon has a discrete command format, with the
vehicle being self reliable (an open loop system). The received and de-
coded command is stored ard then converted to a speed reference in
accordance with which the drive power is supplied. Figure 19 shows the
functional block diagram of the motor contrcl system, The system pro-
vided three areas of concerm: a time base, a motor speed reference, and
& motor driver circuit,

The design of the motor driver circuit settled on a class "D'" modula-
ted pulgse-width amplifier, This was selected because negligible energy is
dissipated in the output devices since they operate as common-emitter
switches,

Sumnary - Control System

Progre' s has been made on the control system in the areas of speed
control, command storage and conversion to analog levels, The system
was des.gned to be an all purpose one which could be duplicated for control
of each of the vehicle's four motorized functions. To complete the system

reference, sensors must be placed on the vehicle and their output incorpora-

ted into the control system. The radio link and motor comtrol system were
linked together and used to control the states of a vehicle motor.

The mated systems were able to produce three output speed levels in
both forward and reverse directions. Control was done remotely from the
manual control psnel. The clocks for this were signal generators which
will be replaced by individual receiver and transmitter clocks when they
have been built and tested.

The test showed the feasibility of the radio control system in the
actual control of wotor states. While much remains to be done before the
system is complete, initial strides have been made,

The time-base for the pulse generator was drived from the master
clock {n the receiver decoder logic. This was divided dowm to approxi-
mately 600 hs. This, was then fed to a one-shot multivibrator that reset

e
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the ramp generator periodically. The voltage ramp was generated
using a constant-current source transistor charging a capacitor,
The voltage rises as a ramp since:

1 t
v = -[ I dt
cap € /o charge

with 1 constant. Components of rhe ramp generator (Fig. 20)

charge
were picked so that the ramp could reach 5 volts before being reset by
the discharge transistor, “wo rimnps were made available by the opera-
tional amplifiers: the first used as a buffer amplifier withk a gain of
ten, and the second as an inverting amplifier, The ramp outputs were
sent to the comparators in the driver circuit, (Fig. 21)., With a zero
reference lev:l the outputs were +12 for one and -12 for the other,
Since the ramp 1id not reset to zero exactly, a dead-band exists which
gives a stop level for the motors,

Once power control was established, a reference level was needed,
Fig. 22, The data was to be provided by the radio link, and a scparate
storage register was necessary to hold the commands, The only commands
were speed magnitude and direction, Output  from the J-X flip-flops
were routed to the appropriate summing resistors via the two input and
gates. The operational amplifier acted as a scaling adder in which the
reference resistors provided several magnitudes c¢f current to the
amplifier inputs. The circuit was a sinmple digital-to-analog converter
shown in the table below,

Ex. BINARY ANALOG
000 0.00
111 t 5.00
110 + 3.3
101 + 1.67
001 - 1.57
010 - 3.3
011 - 5.00

Storage 4 5 6

This analog outyut was then sent to the comparators in tue driver circuit,
The pulsewidth was determined by the length of time the ramp stayed below
the reference level (above the reference for the negative driver compara-

tor), Pig. 23. A shift of reference voltage would therefore alter the
width of the pulses and generate a change of speed.

Por the future, the completion of the first stage will be the installa-
tion of the complete radio system for open-loop manual comtrol. This will
be excended first to closed-loop control, and them to computer oparatiom.

The on-board motor controller will bs completed for all of the motorized
vehicle functions. Once the control of the vehicle has been proven with
basic command inpui.s (i.e., forward, reverse, turn thirty degrees), a
function controller algorithm will be prepared to respond to complex
ea-m)\dc (1.e., *"tu from heading of 300 degrees to a heading of 200 de-
grees) .

- g m = —

!




bt

o7 g

37.

BUFFER 7490 7443
e 3 {>,J2- '—_ﬁ n'?:
LT Tese 2100, | 2216l
.". . ZIODA'//E. . g' (2 3% L - =
CLOCK ] — ReSET LINE

MEsS-AT70

2NSI72
10k
. C e L. .. .__/\,,M/ﬂlak_..
. L. . 2 -
3.+ ©
L 7C
. 45 :
PULSES T=lLomseo
FROM . ..G . . = i ;
ONE - SHOT — = g Fecser :
€ T —p
mS¢L :
Figure 20, Ramp Generator )
e —— — > o™ i B RO



;3

_ —~

s

1

FORWARD
OPERATION

ReEVERSE
QFEXATION

MOTOR
VOLTAGL

412 Vouts

38,

{

mAx

b r‘; ‘: -'-'FIR. D

IN400+

3-aa MOTOR

A ELSY:
mat -_
4.7
N\, 2zx 3/
W= INGOO
22k Faak  MEIOO
7 REVERSE
-12 Youts

Il..r,-t_, RAMT DUR 4TION

33% 100%

—— e aten o= e

=12 V.

INCRENSED DUTY

) 'rizurc 21. | Motor Driver

cYCLE —>

+12v.

] o

cmmm o mme e T TRESCTIT YT



: | 39.

]
BITS FROM
(‘ v DECODER - DRIWER INTERFACE
" ken 3 a4
o HN ’ 9.—¢& 240K
\ 2° Wi
i 1’l(ooﬁq 't o Al —NWA—
- Espy | 83 /ﬁ‘—’ ! l2ok| BIK
; L Qi ' . 741C
¢ ! | 2 -39 8 wl —0
l 2l =g |2 ] W\\\w 3 C
=T = » 120K . -
s L 856 W
‘:4(?3/ \ nidio gk
s X §h& s—— | REV. G Wi
LT s 240K
4 ‘C
" e | 7
zéﬂgj_ = v €0, £ 45
- 1 ReSET ' F0€wm591\ N
, ovel, | &5
o urPuTs——— || 001yl
| VALID" -Fs.qorf_ ' :
' 4 5 REVERSE} |
: 7412 ‘ c
- EXAMPLE OF REFERENCE
LEVEL SHIFTS

Figure 22, Motor Speed Reference Circuit

TR R




40.

e
er e ——— TR TR TOTE R

RAMP —

4‘ SUPER - '_ T - ,.‘ +S

mrosiNG 7 L3 1 | Rererence

_; '. o‘,J,TPuw—“.-A»._”ﬂMH U 1

l
{
; Figure 23.
i 4
{ K
. 2
|
: 3
! ]
{ . 3
B | ,
1
j
{
!
|
i

C w— o - e S



e

F

A2,

41,

Collapsibility and Deployment - John Almstead
Faculty Advisor: Prof. G, N. Sandor

A solution for the problem of stowage of the RPI-MRV in the Viking
capsule, and its subsequent deployment on Mars, has been found, The
third generation design had as one of its criteria, to fit in the Viking
capsule and to deploy with the greatest degree of simplicity and relia-
bility possible.

The vehicle is "folded" in such a way as to locate the center of
the pavload package on the centerline of the capsule, and to deploy
by use of the front pivot, frame pivot and rear strut pivots as des-
cribed in the following paragraphs and Figures 1 through 8.

The frout frame articulation pivot is to be used for collapsibility
and deployment only, Once the vehicle has landed on the Martian surface
and has been deployed to its operational configuration, the front frame
articulation pivot will be fixed. The folded frame will most likely be
deployed by some form of stored energy, such as springs at the pivot
points, Collars placed around the overlapping frame sections will] make
the frame structure rigid,

The rear strut pivot and lengthening will be accomplished by a
four bar linkage., The linkage was developed through the use of the
complex-number technique of linkage synthesis for three precision points
and specified fixed pivot positions, A computer program was written
based on this techmique and used interactively on a graphic time sharing
terminal to synthesize and analyze the four bar mechanism that can be
used to deploy the rear wheels., Analysis of the linkage transmission
angles insured easy and positive deployment which can be accomplished by
a stored energy system such as a spring, Once the rear wheels have been
deployed and locked with a collar or clamp arrangement, they will remain
in the operational configuration for the remainder of the vehicle life,

The front axle-frame connection has been designed to permit collapsi~
bility and deployment, minimize weight, and provide for vehicle symmetry.
The front axle and wheels may be rotated at the front axle-frame connec-
tion to bring the front wheels and axle above the frame, This maneuver
is accomplished by the same motor used to steer the vehicle, and permits
vehicle symmetry abcut the plane of the vehicle frame., This allows the
vehicle to perform the 'emergency maneuver', Without moving the vehicle
body, the forward frame is brought over the vehicle to the rear, and vice-~
versa, clearing antennas, scanners and the like. Thus reve+~sed, the
vehicle can drive away from a condition from which it could not have backed
away.

These three mechanisms required for collapsibility and deployment
are being designed, implemented and tested on both the 0.2 scale model
and 0.4 scale model.

Evaluation «f the collapsibility deployment scheme is necessary
with reference to the requirements for operation. In the near future, it
is expected that requirements of the rear strut and of the forward frame
for unfolding and locking the linkages in operating positicn will be in-
vestigated. The collapsibility scheme will be evaluated relative to relia-
bility and the operation of the RPI-MRV. The method of deployment will
be fully implemented on the 0.4 scale model.

¥
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A, 3,a. Wheel Tester and Grouser Design - J, Ozimek and P, Morino

Faculty Advisor: Prof. G, N, Sandor

The purpose of this phase of the project is to determine the per-
formance aspects of the wheels of the Martian roving vehicle. The project
was divided into fo.r related segments discussed below. Bacic equipment
counsisted of a 24' long plywood box 1' high and 1' wide. A test vehicle
held the wheel and a drive motor arrangement, When the box was filled
with sand, the wheel was driven on the sand, pulling the test vehicle
which rode rails mounted on the box.

. Sand Preparation: It was desirable to simulate the soil conditions
which the wheel would encounter over a year's span on Mars. This means
that all possible combinations of soil conditions could exist, from fine
loose sand to hard bedrock. From the traction standpoint, loose sand re-
presents one of the extreme co~ditions, For testing purposes, sand between
two and sixty microns was obtained from a local creek bed, The sand was
dried to as nearly zero percent moisture content as was feasible under room
conditions,

The experimental soil conditions could have been varied by the additiom
of moisture and by compaction, as well as the addition of various rock sizes.
However, since there exist few published results against which experimental
results could have been compared, the soil conditions were not varied., It
was felt that dry sand rep.esenting the worst condition, would yield con-
servative results., More significantly, the desired result of a comparison
of the various wheel parameters, i.e. grouser design, is more readily dis-
cernable if the surface conditions are maintained constant.

Instrumentation: Initially a sophisticated arrangement was proposed
in order to perform slip tests, After spending considerable time evalua-
ting various techniques, a simpler scheme was settled upon without affect-
ing the results to be gathered,

To obtain information about th. pul.ing ability of the wheel and the
amount of power required by the wheel, a weight and pulley system was made.
Weights, suspended out a window, were connected to the test vehicle with
a cord and pulley arrangement, A wattmeter was used to measure the input
power to the wheel drive motor. This was compared tn the theoretical power
required to raise the weights,

Wheel rotation speed and cart translatory speed were also measured.
Both the circumference of the test wheel axle and a cart wheel were seg-
mented into conducting and non-conducting segments with tape strips.
Brushes were installed on each, When electrical signals were sent through
the brushes, the nonconducting portions produced a series of pulses which
were printed on a strip chart recorder., The resulting plot was easily
translated to determine the wheel's rotation speed and the cart's trans-
latory speed. Relative slip was easily determined from these results.

It wvas also desirable to measure the retarding force necessary to
cause the wheel to slip, To determine this, the cart was affixed to the
end of the test box via a linear spring. The spring deformation was then
easily translated into the retarding force,
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Grouser Design: Few actual formulas or guidelines exist for the
design of grousers; most design has been accomplished by use of empirical
formulas or off the shelf designs. These formulas give only qualitative
ideas of how grousers will perform under various couditions,

R sty

.

The actual material used for the grousers was old tire rubber, Ini-

tially the pattern of Figures A.3.a-1 and 2 was cut, The .3" thick lugs
were glued to the rim surface, covering 90 percent of the surface., A
second design removed every other grouser lug resulting in 45 percent of
the rim surface being covered. The third design consisted of attaching
the removed lugs on top of the remaining lugs. This resulted in the patterm
of design #2 with a lug height of 0.6 inches. A fourth design used a lug
of the pattern as shown in Figure 26, covering 50 percent of the rim sur-

. face. On recent lunar missions, this pattern proved to be effective in

\ use with lunar roving vehicle wheels;. A fifth design merely doubled the
fourth design lug height from 0.3" to 0.6". The lug to surface ratio was

f not altered,

Testing Procedures: Two types of tests, slip test and power test,
were performed for the five grouser designs:

d L Slip Tests: A linear spring attached to the test cart
ﬂ‘yq provided the pulling force. For six variac settings (i.e.
wheel rotation speeds), pulling force readings were taken for
‘ initial wheel slip, and total wheel stall. Two surfaces: 1

X deep dry sand and 2 wood, were used., Power readings were
vt also taken simultaneously with all tests,

Power Tests: Weights suspended out the window were con-
nected to the cart via the pulley arrangement. Runs from nine
to thirteen feet for load weights of zero to two pounts were
performed. Input power readings were taken in all cases,

Results: Figure 27 summarizes slip tests on the deep dry sard
surface, Types 1, 4, and 6 yield fairly similar results. Type 2, al-
though showing poorer characteristics at low speeds, proves to be superior
at speeds likely in the desired operating range (approximately 2 mph), As
can be seen in Figure 28, type 2 again proves to be slightly superior on
a hard surface.

Stall slip results are summarized in Figure 29, Under equal )
, loading types 1, 4, and 5 dig into the sanl to a depth of one to two )
i inches at stall slip. Types 2 and 3 penetrate to a depth of up to 4.or
' 5 inches. Type 2 proved to be the best of the five designs tested.

- Figures 30 and 31 show cart speed characteristics versus power input
for both a no vertical load and a two pound vertial load test. Since ex-
perimental error may account for some of the differences, it appears that
the different grouser designs vary little in efficiency. All designs
exemplify linear speed-power characteristics.

. Conclusions: 1) Grouser thicknesses greater than 0.3 inches (for the
6.85 inch radius wheel) will not perform well, Although type 2 generally
proved to be the superior of the five designs, other basic designs should

L be tested.

[ *Zero vertical load means that the wheel supports only its own weight and the
weight of its support lever and drive.
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l Figure 25. RPI-MRV 0.4 Scale Toroidal All-Metal-Elastic Wheel on

l RPI Test Rig, with 0.3" Thick 45% "Hash" Grousers
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2) The wheel shows excellent flotation. ~7ven carrying a 28
pound load (comparable in scale to actual weight), the rim does not
penetrate below the sand surface except when slip cccurs.

Proposed Future Work: Since this test facility produces only
results which can be compared only on a relative basis with other
wheels tested in the same facility, it will be necessar; to test other
proposed wheel designs to determine how the RPI wheel design ranks
relative to other wheel concepts., Additional testing will be required
and should include variation of soil parameters, by, for example, in-
creasing the moisture content of the test soil and runmning the tests

"over a hard -~ .:face, The solid state tachometers will be rerfected to

make the output of the tests more easily reduceable.

The ultimate objective is to optimize the RPI-MRV Toroidal Wheel/
Grouser Design.

A.3.b, Wheel Analysis - W, Embleton

Faculty Advisor: Prof. G. N, Sandor

The task of developing reliable methods for analyzing and designing
wheels for the Mars mission has been pursued for several years, and a
number of computer programs have been developed. However, none of the
programs correlate effectively the experimental data for the 0.184 scale,
0.4 scale, or full-size models of the RPI torsional wheel, The objective
of this task is to obtain an effective analysis method which can repre-
sent accurately the behavior of the wheel, An effective method will
provide a rational basis for the design of wheels for defined specifica-
tions,

Previous analytical methods considered a finite pin-jointed rim,
neglecting the bending moments of the curved rim. Current analysis re-
gards the rim as a continuous deformable member., Deflection character-
istics for a concentrated point load are considered.

Initially an iterative procedu.e war developed, The wheel was
visualized as two separate configurations: (1) System "A", Fig. 32,
with an inelastic rim and a series of radial linear springs (the hoop
“gpokes"), and (2) System "B", Fig. 33, with an elastic rim with the
“gp kes'" replaced with radial forces. The basic iterative procedure de-
veloped as follows:

1. Apply an initial load to system "A",

2. Determine the resultant radial spring forces from "A"
and substitute for the radial forces of system "B".

3. Determine deflection of "B" and proportionally deform
" the corresponding points of "A",

4, Re-evaluate the resultant radial forces of "A",

S. Repeat steps (2) through (4) until the vertical force
components are "sufficiemntly small."
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" SYSTEM “A"
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1. Elastic rim

2. System of forces

3. System of deflections due to system of forces

SYSTEM "B"
FIGURE 33. System “B"
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| This iterative procedure was programmed and deflections for various
load forces were solved on a digital computer. Recsults were compared
with experimentally determined results for the 0.4 and full scale

’ wheels, As Figures 34 through 37 indicate, the analysis closely pre-
dicts deflections for small loads, However, large deflection analysis
is of little value., As a result, a new analytical technique was sought,

The analytical model described above predicts the deflection of the
rim to be symmetric abqut the horizontal center line of the wheel cross
section. Experimental results showed that the lower wheel half deflects
considerably more than the upper half for both concentrated and distri-
buted loads. The symmetric deflection is a result of the amnalysis of
system "A", Therefore, the current analysis utilizes system "B" with the

H linear springs of system "A", The forces applied to the elastic rim of

3 system "B" are transformed into an initial reaction at the base of the rim
and a system of forces which depend upon the system of deflections. The
final expression relating the point load and the resultant rim deflection
is as follows:

n PF
vy = K [ jzl 84y - o)y + g 806y - ap)]

rim deflection to ith point

where Y;
n =~ number of spring spokes

P, = reaction force due to initial boad

F

Op = angle on the rim where PF is applied

Pj = forces applied to the rim

¢i = angle on the rim where deflection y; occurs

¢ = spring constant of spring spckes
E, = Young's modulus for rim material
IR = second
r = radius of the rim

3
K = (Cr )/(uERIR)

Py = O

N - .
8(4;-a,) mumxm%m&n)

This expression yields a system of linear equations of th: form

| ~ Ar-e B .
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This system was programmed on the digital computer, and the results
compared with the experimental large load deflections, Figure 37 in-
dicates that this current math model will be a valuable tool in future
wheel synthesis.

The current analysis now must be expanded to include the applica-
tion of distributed loads. This may be accomplished by segmenting the
lower portion of the wheel, and considering the contributions individual-
ly from each segment, If the segments are made sufficiently small,
distributed loads may be approximated.

Proposed Future Work: The extension of this work will be in the
investigation of modelling the wheel with a distributed load on the rim,
calculation of the resulting footprint and of the pressure distribution
on the footprint, Once this is completed, the design parameters for the
wheel will have been determined. The tools for design of the wheel, in
its present configuration, to meet specific requirements will then be
available,

Task B. System Analysis

The objective of this task is to develop a framework within which
design decisions involving conflicting requirements can be made, and to use this
framework to identify desirable and non-desirable features of a roving vehicle
design. DTrogress for the academic year included identification of optimal
vehicle system designs, an analysis of the sensitivity of some of these designs,
a start on a program to observe the operation of these designs in real time, and
an analysis of the MRV computer as a queue server,

Progress achieved is described in detail under the following subtasks:
1) System Modeling and Design Optimization, 2) Sensitivity of Optimal Designs,
3) Time Simulation of Vehicle Performance, and 4) Specification of an Integrated
MRV Controller., Finally, a projection of activities for the next period is in-
cluded,

B.1. System Modeling and Design Optimization
M, 0'Callaghan, C, Pavarini, F, Stolen
Faculty Advisor: Prof, E, J. Smith

The method of investigating properties of Mars-roving vehicle
designs is covered in past progress reports, and specifically in Ref. 3.
Briefly, the method involves three major steps:

1. 1dentification of static system models for 3 cases

a, 4-wheeled, direct communicating rover

b. 6-wheeled, direct communicating rover

¢. 4-wheeled rover, conmunicating via a Mars
orbiter relay link

2, Establishing a system evaluation function in terms
of the model parameters (in this case, the product of
science time and straight-line distance roved),

3. Nonlinear programming optimication with varying limits
on vehicle velocity, slope threshholds, internal tem-
perature, etc,
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The optimization process for the design of a moderately high
order system, such as the Mars roving vehicle (MRV), is a process
of specifying the information required by the subsystem designers.
This information consists of the operating requirements to be met
by the subsystem, and all of the constraints under which the design-
er must work, For example, the designer of the communications sub-
system would be given the information on the maximum weight, maximum
power available and the required data transmission rate for a pulse
coded modulation subsystem,

Previous work in the systems analysis area has determined a
reasonably good model for the MRV, Ref. 3. This model was refined
and used to obtain several optimal designs for differeat operational
restrictions., These operational considerations include such considera-
tions as the frequency of science stops and safety considerations such
as the constraints on speed and slope which the rover would traverse,
It should be noted that the model used includes not only the modeling
for the subsystems but also includes the design tradeoffs and inter-
relationships between the subsystem, Although these interrelationships
are mostly of the form of power and weight distributions, internal heat
dissipation is also included in the considerations for the thermal con-
trol subsystem,

The major area in which the final model differs from the previous
model, Ref. 3, is in the thermal control subsystem model, In particular,
it was decided that heat pipes were iriadequate to maintain the internal
temperature at 300° + 59K and hence a compressor type of active cooling
system was included in the model. Another change in the modeling was in
the manner in which the batteri~s would be used. Previously it was
thought that the batteries would .e used as long as the MRV was moving,
In the present model, the batteries are used only when the rover exceeds
a slope such that the radio-isotope thermoelectric generators (RTSs) can
not provide enough power for the rover's motors and accessory equipment,

Once the model was refined to include the changes noted above,
the equations which constitute the model were rearranged to allow the
design states to be represented as combinations of a few state variables
and all other factors which go into a design to be represented as func-
tions of the state variables, Once this rearrangement was done, it was
relatively easy to put the problem into a form such that the techniques
of mathematical programming could be used to optimize the design of the
vehicle according to some design criterion., There was some rearrangement
and elaboration of the chosen design criterion in order to put it into
a form which was applicable to the chosen state variable form of the
model,

Since not all designs would be acceptable, a reasonable set of
constraints had to be placed upon the design states and upon selected
functions of the states. Most of the constraints were of the form of
non-negativity of various elements of the design. An example of this
type of a constraint is one that requires the weight of the communica-
tions subsystem to be positive. There are also other constraints on the
system vhich are of the form of "total system" constraints and an example
of which is that the vehicle and all equipment be less than the launch
weight., Once all of the proper constraints are placed upon the design
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process, the modeling is complete enough for the mathematical pro-
gramming techniques of optimizationm,

The routine used for the optimi:ation was Fiacco and McCormick's
Sequential Unconstrained Minimization Technique (SUMT). This was ob-
tained from the Hartford Graduate Center of RPI in the summer of 1971,
After some reprogramming of the subroutines which constitute SUMT, it
was compiled under Fortran H and installed on disk. The routine works
using first and second partial derivatives or, with some degradation
of efficiency, the first derivatives only or no derivatives at all using
numerical diffevencing methods to approximate derivatives in the latter
two cases,

During the past academic year, the system optimization process has
been completed for all three cases, yielding 36 designs for differing
assumptions, To best illustrate the type and uses of the results, an
example will be given,

For a 4-wheeled, direct communicating rover with a slope threshhold
of 209, velocity limit of 1.5 m/sec, internal temperature bonds of
295-305° Kelvin, and antenna diameter limited to 2 meters, the design
determined appears in Table I,

The complete set of designs will be covered in a Technical Report
to be issued in Septeuber 73.

No further work is projected along these lines in the immediate
futu.e., In the long range, however, it is expected that the method
would be applied to the RPI-MRV as its design is advanced.

B.2. Sensitivity of Optimal Designs - C, Pavarini, M. Ryan
. Faculty Advisor: Prof, E, J, Smith

Consider the case where an optimal design has been determined for
a given mathematical model of a system, and a given evaluation functionm,
as in Task B,1, Suppose that one or more of the components of this de
sign must be perturbed when the system is constructed, This perturba-
tion{s) may be due to factors not considered in the system model:

1. Although modeling equations are continuous, perhaps
only certain discrete values are feasible (e.g., it
is probably infeasible to design a communications
system with a bit rate of 1,38762 K, but 1.5 K might
be acceptable.)

2. Perhaps another constraint is added,a posteriori (e.g.,
it may be decided to reduce the slope threshhold as a
safety consideration)

3. Perhaps some off-the-shelf hardware can be used, but
its parameters do not coincide exactly with the optimal

values.

Then, it would be desirable to know how to ¢hange the other components
of the optimal design to naintain the optimal property of the design,

==
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THABLE 4 . EXAMFPLE oOprim4L D[S‘/,"/!)

SupsysTEM . - Me1eHT (KG)
SCIENCE | . 70,1
COMMUNICATIONS . 139,7
POWER GENERATION 105,9
~ THERMAL CONTROL 29.9
_NAVIGATION - 15,0
- OBSTACLE AVOIDANCE - 5.0
COMPUTATION, DATA 46,8

VEHICLE STRUCTURE - 197.5

OTHER DESIGN PARAMETERS:

COMMUNICATIONS DATA RATE
BATTERY ENERGY

RTG POWER OUTPUT
INSULATION THICKNESS
PROPULSION POWER

VEHICLE WHEELBASE

PATH-LENGTH RATIO

DISTANCE BETWEEN SCIENCE STCPS.
NUMBER OF RECHARGES/DAY

1

1.0 (AVERAGE)

Power (WATTS)

26.0
176.8

DAY=220.1,N16HT=395.8

6.0
15.0
90.0

14,847 KBITS/SEC
7.60 WATT-HRS

5454 WATTS

0.028 M
65.1 waATTS
3.12 M
2,18

3.9 KM
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subject to what is, in effect, a new conutraint., This new solution
has been termed the 'perturbed-optimal solution,” and methods for the
solution of this problem have been investigated over the past two re-
port periods, During the past academic year, the mathematical develop-
men: of the method of solution has been complet2d, and application to
the MRV designs has begun,

The mathematical analysis work included several parts. First, the
existence of a unique, continuously differentiable trajectory, para-
meterized by the initial perturbation, that solves the sensiti-ity problem
was proved. Second, a first-order approximation to the general nonlinear
solution was developed. Third, error-bounds on this approximate solutiom,
and methods to improve the accuracy of the solution were obtained.

The mathematical results to date will be presented briefly here.
Consider the nonlinear programming (NLP) problem

minimize f(x)
subject to gy(x) 2 0 i=1, ...,m
_hj(x) =0 j=1, .c..7

where x is an n-vector aand f, and the g; and h; fuuctions are nonéinear
scalar functions of the elements of x, At thg solution to NLP, X,
there exist two other vectors (an m-vector, u", and a p-vector w ) such
that

*
h(x)-o j-l,...,P

* *
Ug 31(: ) =0 i=1,...,.m
si(x) ao 1. 1'00.’ m
u, >0 i=1.,.., m

P
* +*) =
and VL(x” v ,w" = vEx™) .-%_ u? Vg(x*) + 12-7 wi Thj(«9 = 0

3!

vhere ¢ is the gradient operator with respect to x.

A "perturbed-optimal solution” problem is generated from (NLP) by
forcibly perturbing one of the components of x* and seeking the solution
to this new problem, The solution to rhe perturbed-optimal solution
is denoted x' and can be found from

x' =x" +8&x

vhere the Kth component of x'(x'y, k fixed, 1 k =n) is now fixed
prior to solving this new probles by writing

*
x'k-xk-&azk
When

a) the functions f, (g,), (l‘j) are twice continuously
differentiable
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b) the solution (x*,u*,w*) satisfies certain
sufficiency conditions for (NLP)

* *

c) the yectors v f£(x ),Vgi(x ) for i such that
g;(x) =0, Vh (x*), §21,...,p, and e (an n-
vector of zeroel except for a '1l' ia the kth placu)
are linearly independent

* *
d) gi(r ) = 0 implies u, > 0,

i

a linear approximation to the perturbed-optimal solution can be found,
That is

* *
x'«y +8x = x + r]kg"h

(where k is a variable vector except for a 'l' in the kth place)
where ﬁK is sclved from

k
TEL (1%, s, w*) -GT n¥ et d'1
W
UuGuT . Ama(&t) O O i);k = 0
N o O Of|d=
dy
S X

Lhere U*s dmé(u?), G% (vg'{,*)),.,,’ Véw(‘"ﬂ) avd H¥e (Th(x*), ... VLP(..")),

The conditions a through d above apply to the MRV system design
problem and model, The results generated to date ace values of the
"perturbation coefficients", the vector in the equation immediatcly
above, which indicate the sensitivity of the optimal design to the per-
turbed parameter.

The ap; licatior to the MRV design problem will be shown*by ex-
ample., Place the optimal design (unperturbed) in a vector x”, Then,
mathematically, the new (perturbed) design can be written

*
x=sx + -v\"'SX._

vhere n‘ is the perturbation coefficient vector, and $x, 4s the magni-
tude of the perturbation in the k-th component. Table I! shows results
for an initial perturbation ir science weigi.i. An interpretation of
these results indicates that the optimal way to increase (decrease) the
weight of the science package is to increase (decrease) the insalation
thickness on the equipmant package, thereby decreasing (increasing) the
thermal control power required, This changl can be reflected into a
decrease (increase) in RIG power required and thus 3 corvesponding ssvings
(expenditure) in weight, which can be put toward the change iu science
weight, Note that the solutiom accounts for the weight change in ine
creasing (dccreasing) insulation thickness, thus taking int~ account ihe
coupling in the system design. 1’ should be notad that these rasults
hold only for the case described in detail in B.1, and thus not only
are there many perturbed-optimal solutions problems for each design (a
nev solution for each value of k), dbut that each different design has
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TABLE II

THE PERTURBED-OPTIMAL SOLUTION FCR A PERTURBATION IN WEIGHT
OF THE SCIENCE PACKAGE

EXPERIMENTAL SCIENCE TIM

TOTAL SCIENCE WEIGHT

‘TOTAL SCIENCE TIME

COMM. POWER

- COMM, ANTENNA SIZE

COMM. DATA RATE

RTG poweR

VEHICLE VELOCITY

- SLOPE THRESHHOLD-

THERMAL CONTROL POWER
BATTERY ENERGY-

..OVING TIME/DAY
WHEELBASE - _
EQUIPMENT PACKAGE AREA
INSULATION THICKNESS
HEATER POWER .

% TERRAIN IMPASSABLE
PATH-LENGTH RATIO
SCIENCE STOPS/METER . .
RECHARGE TIME

>
LARGE SLOPE FACTOR

-
E

0.75e-04

-0.62e-02 ;

0.55e-03
-7.27
-0.15e-05
-0,39e-05
-0.16e-04

0,67e-03

0.78e-03

* Large sloje factor is the inverse of the percentage of time the
the slope threshhold (the optimal value is

.y

65.

.,
@
A
ol
g6
%r
E
»




N N AN TN S g ) ey eeny e RN PR e oA GEED G GEY MBS DN

B.3.

66.

its own set of solutions, A limited number of cases have been solved
as of this date. All results will appear in detail in a September 73
technical report.

No further work on this task is expected in the near future. In
the long run, it may be applied to the RPI-MRV as its design is more
completely developed.

Time Simulation of Vehicle Performance - R, Gallerie, T. Mans
Faculty Advisor: Prof. E., J. Smith

As the system models derived are static, they consider many effects
in their average or worst-case sense, This subtask is an attempt to
investigate these effects in time (or equivalently, in their time-varying
sense), by simulating the performance of the vehicle designs in real
(scaled) time. Some of the effects to be considered in this manner in-
clude slopes the vehicle will traverse, failures of the long-range
obstacle avoidance subsystem, such alterrmative concepts as regenerative
braking, etc, 1In addition, the performance of the designs under more
comprehensive and varied earth command can be investigated,

The progress for this academic year has been limited to the develop-
ment of a general purpose Monte-Carlo simulation program to allow this
type of simulation, This has been accomplished since this subtask was
initiated in February 73. The program includes the system models derived
in B.1l. modified to run "in time", and is modular in its counstruction to
allow easy expanding of its capabilities,

This program simulates the operation of a Mars roving vehicle, with
particular atteution being given to power consumption, The system model
is an adaptation of the system model used in Ref, 3.

The model looks at the rover operaton on an instantaneous level,
where the model of Ref, 3 was an average type model, The program keeps
a running account of time, power bei~g us~d, energy level of auxiliary
batteries, and distance traveled., It also calculates the total time spent
on science experiments, the total time spent stopping to recharge the
batteries, the total time spent in dircct commmication, #nd the total
ideal ?istance traversed.

The program consists of the main program and four subroutines. The
main program reads the inputs, calculates any design parameters not on
the input list, initializes all variables, and prints out the results. It
also creates a boulder distribution on the sample roving grid, which will
be explained in detail later. The program finally directs the coded commands
to the proper subroutines. Each subprogram is a distinct mode of operation
of the vehicle. The first subroutine is the recharge subroutine, It is
called whenever the battery level is lower than a specified level. This
recharge subroutine is the only mode which is not started by direct command.
The second subprogram is the science subroutine. It is called by direct
command whenever the vehicle is to stop and take pictures. It is not used
for communication dealing with transmission other than pictures because
the power consumption is not as great, The final subprogram, the one of
most interest, is the rove subroutine. In this subroutine, the actual
roving is simulated. The vehicle roves about on a "sample" Mars terrain,
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During its rove, the vehicle searches for obstacles, picks the 'best"
path, and travels the desired distance, meanwhile keeping an account

of the power and energy consumption, The most critical power loads

are used at this time, This subroutine is also called by direct command.

The Mars '"terrain' consists of a two dimensional grid, 100 meters
by 100 meters, over which the vehicle travels back and forth., The
distance between grid points represents one meter. The obstdacles are
actually dimensionless points, located on the grid by a two dimensional
coordinate system which is supplied by input data. The obstacles are
given dimension by the CLEAR input parameter., This parameter specifies
the distance by which the vehicle must avoid the obstacle =»oint. Larger
obstacles are created by placing two or more obstacle points adjacent
to each other, Boulder obstacles and crater obstacles are not differ.
entiated on the grid. The obstacle profile of the grid has an impassable
area comparable to an average Mars terrain; however, it may be changed by
input data cards. The profile considers any boulder over .5 meters high
as being impassable., The profile of small rocks (under .5 meters high)
and slopes is not time invariant, Although it changes with time, it is
repeatedly determined by equations representing the actual slope and
boulder distribution of Mars.

The equations governing power requirements are adapted from Ref. 3.
An equation calculating the power to rove over small boulders is a
second order polynomial approximation for the data from a program de-
veloped under Task A.l.c, This program calculates power requirement as
a function of boulder size for a Mars roving vehicle, This program
assumes that the power to traverse slopes and the power ti travel over
rocks can be superimposed.

The program features a special recharge option which is controlled
by the input parameter NOPT. If NOPT equals one, any surplus pcwer pro-
duced by the RTG's will be used to recharge the auxiliary batteries. If
NOPT equals zero, this recharge option is not used.

It is planned that continued effort on the time-simulation of
vehicle performance be applied with the objective of gaining additional
knowledge regarding design trade-offs, and the relationships between
static system optimal designs and the performance of these designs in
time,

Specification of an Integrated MRV Controller
C. Boroughs, F, Samuel, J. Zeitlin

Faculty Advisor: Prof. E, J. Smith

It is the objective of this subtask to describe in detail the
principal tasks the computer wust perform when it is roving on the surface
of Mars and to estimate the performance requirements of the cowputer im-
posed by these tasks. In addition, this group provides support for the
remote control of the RPI-MRV under Task A,l.d.

A statistical approach using queuing theory and random variables
was chosen because the main object of the study was the average behavior
of the computer-vehicle system rather than a second-by-second study of
the vehicle behavior. The roving mode was chosen as the object of study
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because of the major computing requirements imposed by the obstacle
avoidance and guidance functions as well as the strict time constraints

due to the desire for efficient roving.

Of course, at this stage in the development of the MRV there are
many unanswered questions concerning the implementation of various
functions in the roving mode. Thus, while some systems such as the laser
rangefinder have beeu well defined, others, such as the path selection
and obstacle avoidance algorithms are still in the early stages of develop-
ment, Still, some estimates can be made concerning the amount of computer
processing required. The goal is to give subsystem designers of such
software-bound subsystems as obstacle avoidance and path selection a kind
of bound on the computational capability available to them,

The computer-vehicle system interaction was modeled by assuming the
computer could be viewed as a queue server, servicing ''customers' on two
queues, the fixed queue (containing normal ongoing functions) and an
interrupt queue. By queuing theory, it was determined how the timing of
service to various tasks constrains the cycle time of the ccuyucer,

Tables ITI,

IV, and V list operation timings, fixed queue tasks and timings,

and interrupt queue tasks and timings, respectively. Results using these
assumptions have not been fully evaluated as of this date, but indica-
tions are that for this model, a cycle time under 50 .anicroseconds should
suffice in the roving mode for the cases listed in Table VI, Further
analysis of results will be completed by August '73.

Support has also been provided to the vehicle grcup responsible for
Task A.l.d, in defining the communication system for remote open-loop
control and ultimate closed-loop computer control.

It is intended that both thrusts of this task will be continued in

the future

Performance requirements an on-board computer will be

refined as more reliable subsystem re -ements are obtained and analyzed
through que.:ing theory. The interface .ith the RPI~MRV group will be
maintained and particular attention will be given to the implementation
of remote « mtrol with the ultimate objective cf achieving autonomous
roving closed-loop control with a remote mini-computer.

Task C.l.a. Laser Rangefinder: Pulse Amplification - D. Palumbo

Faculty Advisor: Prof., C. N, Shen

: There have been five requirements placed on a laser Rangefinder
used for Martian Terrain Measurements.

The first two requirements are to assure meaningful calculation of terrain
data wiien determining the in-path slope. To simplify the calculations, a
complete scan of the terrain should be made in about 1 m sec to elim! .ate

B el -
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Range + .05 meters

Angle + 10 arc seconds

Fast scan rate, on the order of 1 m sec.
Low weight :
Low power consumption : ;

error due to vehicle pitch and yaw, which leads to the third requirement. K

The last two requirements originate with the intended use on a space

vehicle.
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: TABLE 11t '
' ¢  OPERATION TIMINGS FCR THE MRV COMPUTER
] Definition of timine variables .
| -'t; cdmﬁhfer cycle time f'vaiiéble - T
N _ ta ‘subsystem access delay - variable _
tss laser rahge-finder settling delay - 1.1 mil.
..taé analog sensor.settling time - 20 microsec.

'_ tds‘ ' -digital sensor settling delay - negligible

v
<

. Instruction timing -

- . o _ . S
b . Register-Register Instructions ltb.
v - (Add Register, etc.) :
: _ _kégiéter-Storage'InStructiéns ' _."' o étc.
S | (Load frcm stprage;'etc.) ' . '-;
Multiply .. . 6ty
- (floating point or integer) | '
Divide , .. - - . . 12t,
~*  (floating point or integer) )
. 8ine, Cosine Tangent | : 160t
e ——— e — " o - —.'-.—— —
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. TABLE IV , :
FIKED QUEUE TASKS AND TIMINGS.

. -

ENG . Gather and.;ncoae eﬁgineering data.
a~;{-, ‘-.ti§g='611tc'f 2t, ,-':?T'.‘ '
POWER Monitor.éubsystéghéoQér cénsﬁmétion-
;:‘:. ; ?;m?;:??O?c f §2tc ﬁ B?QPsec
TEMP Monitor subs&stém temperaturé
" time= 582t + 32t + 520usec
SCAN | fU#date terrain array :
;'time=’326§tc + 14466, + 522,509psec;
ANNAL _.‘Analiée array and find paéh
; time='}10,7lltc
GENER Ggheraté path commands
: .E§geg 107t + 4?5-
SCIENCE 'ferfo?m sdieﬁée_ﬁonitofing

_ ‘t;@e= ?Ztc + 4ta + }2quec

1
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* TABIE V' R
" INTERRUFT QUEUE TASKS AND TIMINGS

" Interrunt Function ' Exec Time ‘Arrival Rate -

»1._FCOM - Fetsh earth 6ommand ll9té+2ta 35.0

2a.TWARN Thermal warning 253t ,+8t +20 . 0.0017
% ' 2b.ﬁWARN Battery warning . 209tc+105a;40 10.0083
. | . . . o _ S - _
" L '~ 2c./PWARN  Power warning '253tc+8taf20 . 0.017
~w .. 38.0STCP Stop for obstacle  535t,+9t, -  0.035
- .-3b.SSTOP  Stop for slope . . 537t +llt, £ 0.035
4a NTIMER Normal-réquest fof ' 522tc+9{;a ' © 1.0
| ' . ‘path command ST
'C 4b.STIMER Special request 56,590t,+638t +  0.07
T | after a reverse E 296,000 '
. . ‘5. DCOM  Down link ready 82t +t, *  ..° 1.0
k . for data ' ‘ '
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TABLE VI T
LIST OF TEST CASES FOR THE MRV COMPUTEK MODEL

1. Standard run - subsﬁstem'uccess time (ta)'is 10 cycles, j;

*: computer waits dufing scan
2. Standard run - t_ ssumed 1 cycle, computer stlll '

'walts during scan N g o T
3. Standard run - té'-'ld cycles, computer is assumed to’
- execute othor tasks w1thout waltlng durlng
oo '.}' scannlng ' '

4. Stendard run ;.ta = 1 cycle, computer QOeé not. wait
. during €canning '

—'-‘

5 - 8;_ Rlns 5 through correspond to fuhsl.throurh 4

: except that all task proce551ng times were doubled.

That is, the numper of process1ng cycles were
.doubled, but the numbcr of subsystem accesses

and sensor delays remained unchanged.

r
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Previously, only the "Phase Comparison' method offered accuracies
meeting the first requirement., However, this technique uses a heterodyn-
ing process which requires prolonged focus on a single point, Semi-
conductor lasers cannot be pulsed cver .2 microseconds leaving gas lasers
such as Helium-Neon for use, The phase comparison method then may not
meet fast scan assumptions and will be heavier and more power consuming
than a method using a semi-conductor laser.

The timed pulse method uses a GaAs laser and can be made to yield
a ,05 m accuracies if pulse expanding techniques are used. Pulse expan-
sion is used on commercially available counters claiming .l nano second
resolution, Such a system has been designed and is proposed.

The time pulse method is shown in Figure 38, The operation of the
system is simpler than the phase comparison method, but, unfortunately,
not as accurate., Initial investigations showed that .25 naosecond time
resolution is needed when measuring the elapsed time of flight in order
to achieve + 5 cm. accuracy, Ref, 4, The system shown in Figure 38 was
suggested by W, Kuriger, Ref. 5, and is reported to be capable of + 10
cm. accuracy under laboratory conditions. Some modifications can be
made to improve Kuriger's design.

The range is determined by monitoring a ramp generator (most likely
with an A/D converter). The amplitude that the ramp reaches is propor-
tional to the length of time it is on. The ramp begins on a signal from
the pulse generator and stops on signal from the returning laser beam,

Figure 39 contains the modified circuit diagiram, Onre important de-
sign change concerns triggering the electronics with on board and return-
ing laser beams. Lasers have an indefinite delay time between pulse
application and onset of the lasing mode. Triggering with a split laser
beam will eliminate the errcr due to this time lag., The processing be-
gins on signal from the storage-averaging branch, A two ma, pulse
triggers the power supply to drive tue laser, The time delay between on
board and returning laser pulses is recorded by the detector and output
as a pulse of width, T. This pulse width is expanded and timed. The
count result.ng from the timing is used as a memory address for read only
memories (ROM's), The range is output from the ROM's and stored to
await averaging. The pulse generator is then signaled for another range
beginning the cycle over. The number of ranges to be averaged depends on
how much time i{s allowed under the 1 msec. scan requirement,

The pulse width, T, proportional to the beam time of flight is pro-
duced by an exclusive or gate as shown in Figure 40. The heams are de-
tected by photodiodes, amplified and applied to the gate. The on board
beam will be stronger and require less amplificatiom, thus Ay will be
greater than A). The function of the gate as shown in the truth table is
to produce the pulse length. Since the gate triggers at a specific voltage,
5 volts, the pulse length will also depend on the slope of the leading edge
of the input pulse, This won't disturb the operation of the on-board
circuit, but will af.ect the timing of the reflected circuit since the
shape of this pulse will depend on distance traveled and type of terrain
encountered. This has been investigated, Ref, 4, and it was shown that

at = Tt/ (S/N)/2
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where dt is the timing error, T1 the pulse length, and S/N the signal

to noise ratio. Using nominal values, a maximum errc- of 3,75 cm, is

calculated. Since this is 75% of the allowable error, every effort e
must be made to minimize it, Although the reflected pulse shape won't

be identical to the output pulse shape, it certainly will depend on it.

The laser output pulse <hape must be as square and as powerful as

possible.

The problem of extrac“ing centimeter accuracy from the timed pulse
method may be approached as follows, assuming rounded numbers for ease
of calculation, The range depth of field, R, will be from 3 to 30 meters
and can be related through the speed of light, ¢, to the time field by
T, = 2R/c. Accordingly T, must be between 20 and 200 n sec., If a range
resolution of 03 meters %s required, a time resolvtion of ,2nsec, is
necessiary, As stated earlier, soon to be available counters will have
resolutions of 10 nsec. (100Mhz,), A minimum magnification of 50 x is re-
quired for proper resolution,

The combination Rb, T, and C constitute a ramp generator similar to
Kuriger's design., The difference here is the me.hod of output. A large
resistor is placed across the capacitor with the result shown in Fig. 4l.
Vin is the pulse izput from the detector and is width modulated depending
on range, Using a capacitor of ,01 microfarads and a resistor of 470K
ohms, the transfer function of Figure 42 was obtained. The slope, or
magnification, of the system is 1300 for the first part of the curve, and
300 for the second part. Note both slopes are well over one hundred. The
resistor, R, may be replaced by a high input impedance schmitt trigger
shown in Figure 43. The function of the circuit is to provide triggering
at predetermined voltages, producing a square wave output which is more
suitable for timing, Figure 43 shows the input and output wave shapes
along with the circuit's trarsfer function, The transfer function shows
the hysteresis exhibited by the circuit, allowing precise wave shaping
and timing.

Figure 44 shows the expander with R' replaced by a transistor cir-
cuit. The two transistors are driven by pulses V), from the detection
branch, and V;, a pulse generato: triggered by Vy . V, charges the capa-
citor as before, but now the charge is metered out at a constant current
determined by the transistor. As before

Vcl - IITIIC

If the stored charge I)T; is mctered out at current I,,
Ve, = Izrzlc

Then simply
11“: - '1'.‘_,/?l

The capacitor would supply a constant current umtil it's voltage dropped
to the point vhere the transistor saturated. The discharge would then be
exponential (see V_ ). Little time was available to be spent on this
circuit, but it shSws promise for development in the future.
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Up till now the concern has been producing a pulre width dependent
on range and long enough to allow proper resolution. It is clear from
Figure 42 that the pulse expander's transfer function is noit linear, and
computation cf range from timing the pulse width would require extensive
calculation, However, the pulse can be timed and hardwired to produce a
memory address corresponding to the correct range.

Since T,, the unexpanded pulse width, is related to the range by
T1 = 2R/c, tée field of, '1‘1 will be

20 £ T, < 200 unsec
and

Tmax.-Tmin, = 180 nsec.

1f the range is to be known within + .03 meters, a differential element
of range, dR = .06 meters, would correspond to a differential time of

dT, = 2dR/c = .4unsec.

1

The number of unique time values needed to define the field is then

H = 180/dT1 = 450

If a portion of the pulse expander's transfer function, say with
slope = 100, was blown »p, the relation would be similar to Figure 45,
If T; = 60nsec., the differential element would be from 59.8 to 60.2
nsec. as shown., This transfers to T, as mean time Ty = 6 microsec.
and diffe -ential element from 5,98 to 6.02 microsec, If a 10 nsec, clock
is used, 4 pulses will fit into 1T2.

T,max, will be given by 100 x T,max or 20 microsec., With a clock
period of 10 nsec., this transforms %o a maximum count of 2000 at T max.
The number of binary digits neces:ary to handle this count is 12, For
the case being considered here, with T, = 6 microsec., the count will be
600, Notice that any count from 597 to 604 is representative of the same
c.apsed time, T,, and the corresponding range since all are within the
differential time element de, see Figure 45.

The memory address is produced from the count by hardwired logic
gating, Figure 46. A count of 600 is shown in thc register. This corres-
ponds to an elapsed time of 60 nsec. or a ran,. of 9 meters. This range
would correspond ideally to a memory addres. of 150, When tle count is
anywhere from 597 to 604, 150 should appear in the memory address register
through similar gating. If the entiie transfer function is calibrated in
this manner, a unique memory address will be produced for any elapsed time
T, within the differential limits,

The memory component is the least complicated of the system., It's
purpose is to store 450 values of range {or processing. Since the maxiaum
range has been assumed to be 30 meters or 3000 centimeters, a 12 bit
memory word length will be necessary, the whole memory consisting of 450
words,

CETTTIER T CTTDTI ey
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As far as the averaging process is concerned, every logic gate has
associated with it a delay time. This time is constant and if accounted
for will not hamper operation. The typical delay time for a gate is 10
nsec, The data access time from memory is 100 nsec. Notice that the
maximum output from the pulse expander will be 20 microsec., and if 100
gates plus memory have to be passed, the delay from pulse expander to
range will be 21.1 microsec. A safe figure for the total figure would be
about 25 microsec, Since a GaAs laser is to be pulsed for 100 nsec.
(maximum) at a duty factor of .l1%, the minimum period allowable for laser
operation is 100 micro sec., This can be lowered easily to 50 microsec,
by shortening laser 'on' time, but clearly the laser is the dragging foot,
At a period of 50 microsec., 4 points will be averaged 10 times in 2msec,.
meeting pitch and yaw assumptions,

The major features of a power supply for laser operation are the high
current needed for onset of lasing (10 amps) and the narrow pulse width
necessary to avoid burn out, At first a supply was designed for use with
the phase difference method. The current pulse must have a flat top if
the laser output is to be modulated. Transistor 2N5262 was chosen for its
speed and current capabilities. The final design is shown in Figure 47
with 15 traunsistors in parallel to supply 45 amps to the laser, The cir-
cuit was never constructed because 2N5262 could not be obtained. The
circuit would have been ideal for experimentation allowing low current
(non-lasing) pulses of long length for heterodyning experimentation and
short, high current pulses for time pulse experiments, When it became
obvio.us that 2N5262 would not arrive, an alternate design was chosen,

Figure 48 shows a power supply and the current waveform it produces.
The operation is to charge rthe storage capacitor through the transistors
until the capacitor voltage reaches V... SCR GA20l is triggered to allow
discharge through the laser dicde, This pulser was built with the wave-
form resulting shown in Figure 49, Not_, this is not the current waveform,
but the signal waveform received at the photodiode., The rise time of the
pulse (100 nsec.) is far from the current rise time given for the circuit
(20 nsec), Ref, 6 and 7.

E~calling the requirements placed on the rangefinder, they are:

1. Range + .05 meters

2. Angle + 10 arcsec.

3. Fast scan rate

4, Low weight

S. Low power consumption

The timed pulse method meets all requirements and is recommended for
further development in two main areas of study: the laser power supply
with related detector electronics, and the modified pulse expander in-
cluding counters and .egisters,

Supplying 40 amps to the laser becomes a problem, but can be solved
by eliminating all unnccessary components and wire lengths in the laser's
~ircuit, PFigure 50 saves a suggested power supply scheme to eliminate the
3 IN914's as an example of power supply improvement, The detection may be
improved by adding a differentiating op-amp, Ref., 8, to eliminate received
pulse rise time and the error introduced by this rise time.
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The modified pulse expander is not a unique design. Hewlett-
Packard counters model numbers 5360 and 5379 boast .l nsec. res>lution
and use pulse expanding techmiques, They ccst around $6,006.00. There-
fore further research into tlie modified expander is recommended towards
a possible linear transfer function to simplify processing, If the pulse
expanding technique can be debugged and made practical, the timed pulse
method, as described, is a laser rangefinder for terrain sensing measure-
ments for Mars application,

It is planned to continue the design, construction and evaluation
of this laser rangefinder alternative during the .oming year,

Task C.1l.b, Laser Scan Methods and Phase Comparison Rangefinder - G. Herb
Faculty Advisor: Prof. C, N, Shen

This task addresses two areas of study: (1) a laser scanning cystem,
and (2) the range finder electronics and methods.

——

If the terrain data is to be collected as the vehicle is moving, the
} ” rocking and rolling of the vehicle as it travels the uneven terrain can
be a large source of error, To attempt to reduce this error, the laser
scan methods considered here are of a block scanning nature. That is, the
entire field of view of the rover is scanned out very rapidly so that the
| rock and roll error between points is negligible and all points in the
field may be considered to have been obtained simultaneously.

The criterion for such a system are:

! 1, No or few moving parts
z 2, An angle incremented s. - ‘i.e. point spacings
vary with distance f- .. wvehicle)
3. Scan requirements - - . i :1 angle 40° - 60°

- 1 e angle 40
i
. A rapid scanning laser range finder m . - these requirements was
) ‘ shown to be a feasible system, A non-oi. . .. . laser scanmer using
l either digital deflection optics or a ms ... .. semiconductor laser diodes

. was found to be the most pvomising methu . cumplete range finder scanning

' system was proposed around this type of rapii scan. The proposed system

L is highly accurate because it does not use zaolog signals to determine

' the angles at which a laser pulse i{s transmitted, All directions have bi-

i .' nary labels which correspond to angles which can be known to a high degree
of accuracy.

The problem of phase blur due to the incident spot from the laser
beam being distorted due tc the beam's shallow angle of incidence was
found to cause negligible errors compared with the accuracies sired for
a reasonable range of beam diameter.

A de-ign for a phase comparison, modulated laser range finder has
been developed which appears to provide a very promising way of achieving
the desired + 1 centimeter accuracy at mid-range (= 15 to 20 meters),

A section of the design was bread-boarded and tested, Although the
tests were in good agreement with predicted results, additional work will

ER
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be necessary to complete the laboratory testing of the entire system.

Details of the progress are provided in the following sections on
scanning systems and rangefinder system.

Scanning Systems

One possible system, the dual vibrating mirror scan, wae inves:i-
gated but proved to be inappropriate for a rapid stan system., Here, two
more systems will be introduced which attempt to alleviate the problems
of the dual mirror approach,

Kuriger, Ref. 5, has worked on and proposed a hybrid scan system
using a vibrating mirror for a vertical scan and a line of laser diodes
to accomplish the horizontal scan. His rangefinder system is not capable
of producing the necessary accuracy, but his scanning system does have
some advantages., Kuriger's system is presented with some minor modifi-
cations in Figure 51, The "pulse transmitted detector" Las been added to
conform with the information nea=ded in one of the rangefinding schemes
currently under study. In this system both the transmitter and the dc-
tector use the same vertical scan mirror., The diodes provide the horizom-
tal scan, while the receiver looks at the entire horisontal scan area via
the cylindrical lens, The use of the same scan mirro: assures synchroni-

zation between transmitter and receiver, and the narrowing of the detector's

field of view to only one horizontal row at a time increases the signal .o
noise ratio, Further advantages of this system are its compactness and
suall number of components. But although the horizontal transm‘tted an;le
is known exactly, the vertical angle determination relies on the same type
of mirror position detection as does the dual mirror system and suffers the
same problems,

An alternative system which seems tn avoid all the major scan problems
is proposed, Figure 52 shows the proposed system using digital deflaction
optics, but a matrix of laser diodes could be substituted just as well.

The detection system '.3ed is si ilar o Kuriger's except the detector
section is mechanically a separate entity from the transmitter, Whemr the
mirror drive starts its vertical sweep, the synch (start) circuit detects
this and initiates the transmitter's scan, The transmitter's vertical

scan i: approximately synchronized to the mirror, but the detector is given

a wide enough field of view to compensate for a slight mis-match., Any mis-

match which doee occur does not continue to accumulate since the transmitter

and detector are re-synchronized at the beginning of each vertical scan,

The advantage: of this system are many-fold. Pirst, the actual laser
scanning is completely solid state. Also the transmitted angles are known
exactly, with each pair of horizontal and vertical having its owm binary
cdde label, Pinclly, although a -ybrid detector scheme is used, data poiat
accuracy is extremely improved because we are 1ot relying on the mirror
position to give point location, only to nar. . the detector's field of

view to the approximate azimuthal scan line of the transwittex. Th': system

then seems to have the potential for extrersly accurate transmitted angle
information wvhile miirn.aining a reasonable signal to noise ratio at the
detector by narrowing its field of view,
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One problem with all the angular scan methods is the incident spot
distortion at the terrain. Since a collimated beam is transmitted at an
angle, the actual shapc and size of the spot will be distorted when it
strikes all surfaces other than those to which it is normal (see Figure
53). This is most severe at the maximum ranges. As can be seen from
the figure

W= ;I;-z;— for horizontal terrain
(i.e. in the plane of the river)

Therefore. at 30 meters (& = 5.70) a 2.5 cm beam diameter (= 1 inch)

would produce a spot length of 25 cm., This effect worsens for negative
in-path slopes and improves up to a point for positive iu-path slopes.

This distortion results in different rays within the beam traveling
different total paths, Thus a ray on the top of the beam in Figure 53
would travel a total round trip distance of 2( AZ /2) or Al more than a
ray on the bottom of the beam. This distribution of path lengths within
a single beam will cause a time of flight ambiguity at the rangefinder's
detector. In the case of a modulated beam type rangefinder which is des-
cribed more fully in the following section, the phase of the modulating
frequency on the returning beam relative to the outgoing ° :am is what
supplies the range information, Spot distortion will causz a phase blur
of a magnitude proportional to the amount of distortjon. Referring to
Figure 53 and taking the speed of light to be 3 x 10” meters/second

A = L024f_ WP - a%)¥
where A® = peak to peak phase blur in degrees
w = incident spot length in cm,

d = beam diameter in cm.
fIn = modulating frequency in Mhz
But since
B = (AvE 360°

vwhere ,d = relative receiver to transmitter phase of modulating
frequency

At= beam ideal round trip transit time in microseconds

The error introduced by the phase blur is

AS .o oF - &)Y
F - %0 At

and is independent of f£,. Therefore, the phase blur error is independent
of the beam's modulating frequency and can be fixed by other comstraints.

Table VII shows values of A$/ ﬁ as a function of range in front of

i
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the vehicle, R, and beam diameter, d.

TABLE VII
ZSQ@%ﬁ in %
R d =.,5 d=1 d =2
3 .0131 .0262 .0524
5 .0158 .0317 .0635
10 .0178 .0355 .0709
20 .0183 .0366 .0732
30 0134 .0368 .0737

This can be dore since R is a function of © and w is a function of d
and 6 . Note that the errors introduced by spot distortion on a flat
terrain are negligibly small over a large range of d.

A Rangefinder System

A modulated laser - phase comparison rangefinder was proposed and
appears in block diagram form as Figure 54. The benefit of this type
of system is that since the returned signal will be a sine wave of a
specific frequency in noise, it can be put through a very narrow band
pass filter to increase its signal to noise ratio.

Heterodyning techniques (frequency translating) are used as a
method of increasing resolution, A constant ghase angle is maintained
in a heterodyning procedure, Therefore a 45 phase lag at 1 MHz corres-
ponds to a lag of 125 nanoseconds. After heterodyning dowvm to 10 KHz,
the 45° phase lag is maintained, but a 45° lag at 10 KHz corresponds
to 12,5 microseconds, Thus a frequency decrease of 100 times has given
a time expansion of 100, The proposed system also averages several cycles
of phase differcuces to further increase the range accuracy. A complete
description of thi. system can be found in Ref. 9. ‘

The phase detection section of the rangefinder was bread-boaraed in
the laboratory to check its operation. Due to equipment problems the
heterodyning section could nct be simulated, Without the frequency trans-
lating section, the phase comparator had to be checked with a lower fre-
quency. The time expansion feature was also lost. Phase delays of
sufficient magnitudes for the comparator to resolve thus had to be
artificially produced, These phase differences therefore represented no
actual range measurements, but were for test purposes only.

Since this self contained system had no significant noise, the Schmitt
triggers were set at the more easily implemented threshhold of zero with
zero hysteresis, In the actual system, more realistic values of the thres-
holds should be chosen. The most logical place to locate this threshhold
voltage at first glance, is at the point of maximum slope of the signal,
since this would reduce the sensitivity of the trigger to premature or late
switching due to noise spikes close to the threshhold. However, for sinu-
soids this point is at zero voltage which eliminates the hysteresis cegion
and it is the hysteresis that reduces the sensitivity to premature CFF

\
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switching of the trigger after it has just crossed the ON threshhold
and vice versa (see Figure 55). Thus the actual hysteresis, and
therefore threshholds, should be <et as a function of the most probable
noise amplitude of the processed signal.,

As for the system under test, all sections worked as expected, The
output wave closely resembled Figure 56 (with the exclusive OR envelope
missing of course). Since NAND logic was used, however, the wave forms
were inverted, With the SAMPLE command held high, the clocked phase
pulses were grouped into the appropriate number of samples for averaging.
Varying the phase angle of the input signals varied the phase pulse width,
and therefore the number of pulses in the output count, by a proportional
amount,

It is planned to continue laboratory development of the phase com-
parison alternative and to compare its feasibility with the pulse ampli-
fication system described under Task C,l.a.

C.2.a. Error Analysis and Stochastic Fit for Gradients - P, Burger
Faculty Advisor: Prof, C. N, Shen

Because of the round trip communication delay of between nine and
twenty-five minutes,it is essential that a Mars roving vehicle be equipped
with autonomous terrain modeling and path selection systems. The objec-
tive of this task is to determine the effects of terrain sensing instru-
mentation errors on the estimation of terrain featires, specifically
slopes and gradients, and to evaluate the feasibility of employing a
stochastic fit for gradients, These results can assist in defining terrain
sensor instrumentation specifications on the one hand and can guide the de-
velopment of path selection systems on the other,

The terrain sensor system being appraised, Figure 57, involves a range-
finder which is aimed along azimuthal and elevation angles to a point on
the terrain, It is assumed that a scanning system based on increment in
the elevation and azimuthal angles, Figur. 58, will cover the interest of
region in front of the vehicle. It has been determined that such a scanning
and rangefinding system can be used to estimate the local gradient of the
terrain. However, because of the sensor errors in range and pointing
angles, the estimated gradient will differ from the actual gradient depend-
ing on the magnitude of the sensor errors. It has been determined that the
standard deviation of the gradient will be in the range of one to eight de-
grees for standard deviations in rangefinding of 0,01 to 0.1 meters and
elevation and azimuthal standard errors of one minute, The standard devia-
tion of the gradient is also dependent on the gradient of the terrain, on
the distance of modeled plane from the vehicle and the data point spacing.
In this analysis, it has also been assumed that a rapid scan is '1sed so
that errors due to the pitch and roll of the vehicle can be neglected,

Complete details of the anilysis and interpretation are presented in
Ref. 16,

Mathematical Analysis

The quantities R, ©, and f are measured with respect to the co-
ordinate system h", a", and b", fixed to the vehicle, Figure 57. With
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With laser height at 3 meters

101.

h" = 3 - Rsin B (1a)
a" = R cosg sinB (1b)
b" = R cosficos © (1c)

The body-bound axis rolls with the angle ¢ and pitches through an angle

about a reference frame

h, a, and b formed by the local vertical

and an axis in a plane containing the heading and the local vertical,
The' coordinate transformation, Ref. 10, is:

where C(¢) and B(E) are the
respectively,

h h"
al = c($) B (§) a" ()
b b"

roll and pitch transformation matrices

Determination of Slopes and Gradient

A number of measurement points within a certain small area of sur-
face, say 0.5m by 0.5m, can be used to determine a plane in space, which

may be written es:

h=ax, +bx, +x

1

2% %3 3)

where x, is the cross path slope and x, is the in-path slope, which are
the two constant parameters to be determined, Ref. 1l and 12, 7hic ~orres-
ponding gradient of the plane, which is Jefined as the gradient of the
terrain in that small region on the planet's surface, is

2
Sg = (xl

+ %, ®)

If the slope is less than a predetermined criterion, it is cousidered to
be safe for the vehicle to travel ahead. :

In order to locate the plane by a number of measurement. points, one

may rewiite Eq., (3) as

h,

vwhere h,,a,, and b, are found from R

= a.x, + I:‘.x2 + X, (5)

,©,, and B in Eqs. (1) and (2)

for eacﬁ ith point. Theoretically, hru points determirie a plane (i=1,2,3),

For grcater accuracy however,

more than three measurements (i=1,2,3,...,n)

probably n=4 or 6) are needed to determine the slopes. A complete picture of
the terrain in front of the vehicle can be constructed by modeling numerous
adjacent planes, each covering a small area of surface.

*  Parturbation of the Variables
fa =3 andb = b, are assumed to be true in Eq. (5) a least

square error c%t:l.ute"cau tc

A = 2
=1y k)

performed vhich minimizes
(6)

B RS B = N
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where T‘i is the actual measured height and ’1\11 is the corresponding
height in the modeled plane.

i In matrix-vector notation, Eq, (5) is:

T

-
n o= Ax

)

The least square estimate of the parameter x, Ref. 13, becomes

x = Gay - 1aTh (8)

B tin ot

Perturbation of the Variables

The least square estimate above assumes the matrix A to be com-
pletely deterministic, Ref. 14. In reality, however, there is error
involved in the determination of a, b, and h, due to the errors in
our measured values of ¢, € ,R, A and O .

If the symbol & denotes a perturbation, then §h, £a, and &b in
terms of £¢, §§, §r. {(>. and 36 are:

,FM-*t;"

. ."h“ .
o " , 64 SR
‘; g : D(h ’an’b' ,¢:E)[8§] + C(¢)B(S )JG(R,B,0) 5P (9)
. 4 &0
' L ] * govariance Matrix of the Variables
The covariance matrix of the variables can be defined, Ref. 15,
; as
i sh|[6h sa %Db : -
: . M= PISa [ ] (10) :
, i L ‘ sb ) k
5
( l where E denotes expected value,

] If 6, 83 ,5R , $@ and 9 are not correlated, then with the aid
lg of Eq. (9)

- [ee® o ' EGBR 0 "0 T4 0y
- T 3 G'BC (11)

From Eqs. (10) and (11) the standard deviations of h, a, and b,
can be computed in terms of those of &, §, R, 2 and © for
each point, These are known quantities tbut depend upon the sccuracy
of the measuring devices.

‘Covariance Matrix of the Slopas

Eq. (5) can be written as
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h = Ax (12a)
With h =h + Sh, A=A + 8A, and x = % + {x BRY)
and Eq. (7) the covariance matrix of the slcpes is

s[s $27] = r{s[sn8n"] - =[6ax8n"] - £[sn(85:0"] +

—

149

orar) T

This equation utilizes the least square estimate of the parameter
x from Eq. (8) and the elements of the covariance matrix of the vari-
ables for each point, which are determined from Eq. (11).

Variance of the Gradient

If the symbol 6sg denotes the standard deviation of the gradient,
Sg, then from Eq. (&)

Ya W
asg = (x}+ x3) xgdxg + (x3+ x3) Xodx

The variance of the gradient is:

— x 2
Ry K }-—3-:6""‘1 (16 )
%o Ot Ea T TARER

where O'M 3 E(&Q.) , o'x: = E(&X;) ) and O-K.x: = E(&Qp £X2)

The covariances o‘x.‘, Ox. ,and O can be found from Eg. (15),

The value of osg is a measure of the estimation of the gradient,
In general, there is a 687 probability that the actual gradient lies
between the values of Sg + Osg and Sg ~ obg &#nd a 957% probability that
the actual gradient lies between the values of Sg + 2 osg and Sg - 2 dsg.
Minjmum Variance Estii ate

A generalized form of Eq. (7) is: _
v = AX 17)

Lt vhere v is the noise due to measurement of h and A in Eq. (5). If
the expected values of Eq., (17) are
Eh) =h , EQ) =X (18)
then E(v) =Vesh-Ax=0 (19)

by virture of Eq. (12c). Subtracting Eq, (19) from Eq. (17), vwith
the aid of tni. dafinitions of Bq. (12b), one obtains:

v3 &h - §ax (20)
Thus the covariance of v becomess
R = E[we'] = E[Un - §AX)(Sh - 5A%)7]
- E(nenT] - E[EART] - Efn(sADT] « E[AR(8)] (. 21)

.

|
|
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which is the same as those terms inside the bracket in Eq. (17).

The cost function J can be expressed as
J = VTR-IV = (h - A-)-()TR-I(h -t\;()
« hTr71h - TATRIh - nTR71AR + TATRIAR  (22)

The minimum variance estimate of X can be obtained by taking the
minimum of J with respect to x,

Min=J = %% w =2aTR™In + 2aATR™ 1A% = © ( 23)
X

Thus the minimum variance estimate X becomes

I

. - -1 T -1

| % . aTr~la)~1aTz™In ( 24)

: ) L where R can be obtained from Eq. (21).

‘4 The minimum variance estimate given by Eq. (24) is 2 weighted

l:ast square estimate. It will provide a better estimate of the
‘ usradient than the standard least square estimate of Eq. (¥) ' “use
! it gives correct weight to the individual measurement poi-

However, the numerical results in the example compu som
Eq. {24) is very close to the results given by Eq. (17) . .use the
‘ weighting factor in the covariance matrix R is nearly proportional
to an identity matrix, That is to say,the weighting factors in the
f diagonal terms of R are equal. This is equivalent to an unweighted
; least square estimate.
f

Numerical Results

It is assumed the rover will use a split bean where ApS is the
difference in the elvation angle between the two beams and A9 is
the difference in azimuth sngle between any two laser pulses as showm
in Pig. 58,

The values of B and © for each data point, along with the magni-
tude of the cross-path and in-path slopes of the terrain, determine the
, data point spacing and the distance of the data points from the vehicle.
| After a number of data points are measured, they are transformed to the
non-rotating reference system by Eqs. (la to 2c). Then a least square
, estimate of the slopes is obtained by Eq. (8). This least squa & estimate
h depends directly upon the values of h, a, and b for each measurement
point. Utilizing the value of the vector ? found in Eq. (8), the values
of ¢, ¢, R, 5, and © for each data point, and the standard de-
viations of these quantitiss, the magnitude of the gradient and its
varisnce can be calculated.

The standard deviation in gradient, okg, can be determined by
utilizing Eqs. (11), (14), (15), end (16). The varisnce of the gradient
depends upon the cross-path and in-path slopes of the terrain, the roll
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and pitch angle of the vehicle, the data point spacing, the distance
of the data points from the vehicle, and the accuracy of the measur-
ing devices.

If the rangefinder scan rate is on the oxder of milliseconds,
which is perfectly feasible with electronic scanning, then each set
of 4 adjacen: data points is measured practically instantaneously
since the rover motion is on the order of seconds and all 4 points
will retain the same r~’at: ve position to each other when they are
transformed from the venicle coordinate system to the fixed system,
Consequently, the rover can model the planes in the vehicle coordinate
system, and then transform the planes to the non-rotating frame. Since
the maximum positive or regative slope that the vehicle can navigate is
+ 259, relative slopes might be as high as + 50%and still be navigable,
Fig. 59.

Also due to rapid scan, the error introduced by setting ~}=0g = 1°
(which 1is a reasonable estimate of these quantities due to the constant
rock and roll of the vehicle as it tra'~rses tLhe surface) will be con-
sistently between 1° and 2° because it .aly involves the error in trams-
forming the already modeled plane from the vehicle syster of reference
to the fixed system. Consequentl-, the effects of <y and ¢ are mot
considered in the analysis,

1f a flat terrain is assumed, 3 » Sp = 1' and Cn = 5 cm, and
A6 and 28 (and consequently the data point spacing) are varied for
each set of 4 points, the graphs shown in Fig. 60 are obtained., Each
solid line represents constant values for A% and 2. Ab and A%
are the data pcint spacings along the in-path and cross path directions
respectively. For any constant value of A3 and A3, the data point
spacing decreases very rapidly as the scan approaches the vehicle and
consequently the error in gradient rises very rapidly,

Tn choosing an 'optimum' data point space it must be noted that
an increase in the spacing decreases the error in gradient. However,
this renders the data less meaningful, as more terrain has been over-
looked, At the 30 meter range, a general picture of the terrain with
a spacing of 2-3 meters is sufficient., At close range, (4-7 meters)
the points should be at least as close as 0.66 meters because this is
the width of the widest navigable trevice. In Fig. 60, the dotted line
represents Osy vs, distance from the vehicle for such a scheme, where
the data point spacing varies from about 0.5 meters at a distance of 4
meters from the vehicle to about 3 wmeters at a distance of 30 meters
from the vehicle,

Each of the plots in Pigs. 61 and 62 utilize the same optimum
scheme as the dotted line in Fig. 60. Once again flat terrain is
assumed for all the data poiuts. In Fig. Al, of is kept at 5 cm and
08 and 0p are set to 0, .017 (1'), and .1 (6'). The error in gradient
is markedly reduced by decreasing o5 and 03 from 6' to 1' but any

further increases in accuracy will result in bulkier and heavier equipment

which is not very beneficial. By comparing the plots for ¢§ = op = 1'
and 0y = 0y = 0° it is seen that a standard deviation in 05 and 6 of
1' has very little effect on the error in gradient.
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Task C.2.b. Gradient Estimates from Stereo Measurements - W, J, Pfeifer
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In Fig. 62, oOR is varied from 1 cm to 10 cm while o3 and o3
are kept constant at 1' (.017). The error in gradient increases -
rapidly at close range for each value of o%.

Fig. 63 plots oy, vs relative in-path slopes of from «30° to
450° at 4 meters from %he vehicle, 1In all cases, the cross-~path slope
of the measured plave is 0° and there is at least 1 data point with a
height h of O meters in each group of 4 points. The graph only extends
to -30° because the rangefinder beam cannot 'see' over a negative in-
path slope greater than this vaiue at 4 meters distance. With op = o= 1',

. 6g 1s varied from 1 cm to 5 cm, A data point spacing of .6 meters is

assumed. Fig. 64 plots 0%, vs relotive in-path slopes of from -6° to
+50° at 20 meters from the vehicle. All the other conditions are the
same as in Fig. 63 except that the data point spacing is 1.2 meters in-
stead of 0.6 meters. Finally, Fig, 65 plots graphs of o, vs relative
cross-path slopes of from 0° to 50° for distances of 4 metérs and 20
meters from the vehicle. In this case, the in-path slopes are set to 0°.
Once again op = op = 1' and of is varied from 2 to 10 cm. The data
point spacing at 20 meters from the vehicie iec 1,2 meters and the spacing
at 4 meters from the vehicle is 0.6 meters.

From Figs, 63 to 65, it can be noted that the higher the r2lative
in-path or cross-path slope, and the closer the data points are to the
vehicle, the larger the error in gradient. All other factors considered
equal, the error in gradient is larger for a given in-path slope than
for a cross path slope of "he same magnitude. 1t is obvious in Fig. 63
that op should be as close to 1 cm as possible in order that oZ, will
be within 2° at 4 meters distance and high values of relative in-pgth
slopes.

This analysis, which is summarized in Ref. 17, leads to 3 very im-
portant conclusions. First, the very large error due to the motion of
the vehicle can be eliminated by utilizing a rapid scan rangefinder,
Secondly, if op and o0p are reduced beiow 1 arcminute, no significant
reduction in error is obtained, Finally, most of the error in gradient -
estimation is due to o03. The vari. ace ¢ the gradient should be as low
as possible, but if an upper bound of 2° is set, then oR must be as low :
as 1 cm, i

Due to surface irregularity, data points will not fall at regular Y
intervals as they would on a flat plare, but will be scattered about un- o
evenly, A procedure must be developed to determine how each group of &
points is to be chosen prior to the modeling procedure. Another question
that should be investigated is whether the modeling procedures for
terrain at the 20 « 30 meter range shoulc e modified so that the rover
can model hills and craters as well as flat planes. More generally the
problem is one of determining a complete picture of the terrain from an :
array of different sized and shaped planes, each of whose gradients have N
a different magnitude and direction. . ¢

Faculty Advisor: Prof., C, N, Shen

The method of calculating a stochastic estimate of the gradient -
of the terrain in the path of the Martian vehicle, Task C.2.a. has been S
applied 20 two stereo measurement systems. One system, called stereo .
angles, uses three angular measurements in elevation and azimuth to ¥
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locate a terrain point. Another system, called stereo range uses
three range measurements. These two systems are compared with the
non-sterev system, Task C.2.a, and Ref. 16, and with the limits of
present laser rangefinder techmnology.

The standard deviation in the four point estimate of the gradient
depends on the distance of the four points from the vehicle, the posi-
tions of the terrain points in relation to each other, the gradient of
the terrain and the measurement errors. Vehicle motion effect on the
standard deviation in gradient has been reduced to an additive factor
as a result of the assumption of a rapid-scan laser.

The effects of the above factors on the standard deviation gradient
are shown in Figures 68-71 for a stereo angles measurement system which
uses 3 angular measuremen:s and in Figures 72-74 for a stereo range sys-
tem which uses 3 range measurements. A desired maximum allowable standard
deviation in gradient has been set at 2°. These results are summarized
and compared with the non-stereo system which uses one range and two
angular measurements, Ref. 16 and i7, in Table VIII.

Within the limits of present techmology, the non-stereo system
appears much more practical than the stereo range system. Laser range-
finder technology has not yet reduced range standard deviation of below
0.0l meter. In fact, a more reasonable expectation for range standard
deviation may be from 0.02 to 0,05 m. The results for stereo range have
been presented in anticipation of improvements in rangefinder accuracy.

At longer range the non-stereo system s better than the stereo
angles system, At close range, stereo angle. may be comparable to non~
stereo if the standard deviation in the transmitter-receiver separation

o1, can be reduced to 0.00lm. This conclusion is also based on the assump-

tion that angle standard deviation will be about one minute of arc,

Mathematical Analysis

The basic method of estimating gradient from four terrain point
measurements is outlined in Ref. 16. For this application, the follow-
ing modifications were made.

a) Stereo Angles

The elevation angles o< and (3, and the azimuthal angle
© are measured with respect to the coordinate sy: .em h", a",
b" fixed to the vehicle as shown in Figure 66. A laser is loca-
ted at point T which is 3 meters in height., The elevation augle

of the transmitted light beam is measured at T froa the
horizon to the terrain point U, The elevation angle X of the
received beam is measured at & point L meters from the top of
the mast., Scme type of scanning detector is assumed in the
measurement of the angle <<. The angle & is the azimuthal
angle of the transmitted beam, :

From the geometry, with a sensor mast height of 3 meters,
the terrain point coordinates h", a', b" are found in terms of

« ) ﬁ. e’ lﬂd L.
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c()p - Elevation Angles

. 9 « Azimuth Angle
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Figure 66.Stereo Angles System Coordinates



& A

110,
wffo 5. L_tan ¢ o “Oa)
(tanf ~tan ) . .
all - (:;‘aﬁi(;l—?an <) ' | - (i)
-bl'; 1, coz © | | | . ..(lc)

(tan P ~tane )

The coordinates h", a'" and b'" are fixed to the vehicle and may be

transformed to the h, a, b reference system as shown in Eq. (2), Task
C.2.a,

b) Stereo Range

The quantities M, N and K are measured with respect to
the coordinate system h'", a'", b" which is fixed to the vehicle
as in Fig. 67. The measurement M is twice the range to the
terrain point U from the transmitter and receiver at T on top
of the sensor mast,

M=2R (2a)
The measurement of N is the sum of the ranges from the trans-
mitter to the terrain point U and from this point back to a
receiver at a vertical distance L meters from the transmitter,
N=R+P (2b)
The measurement K is the sum of the ranges from the transmitter

at T to the terrain point U and from this point back to another
receivar at a horizontal distance J meters from the transmitter.

K=R+Q (2¢)

From the geometry the coordinates of the terrain points
are found in terms of M, N, K, L and J,

& a_ L N (H=H) -
hi= 3 Tt = — . (3a)
RRGD A - -
a —EJ—J +3 o (3b)
o2 20 2 13
L A L oY | ¥
wo| T OF - R K e)
_ K22 _ nPaan?
*
4J .‘Ll ) J
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Analytic Solutions for Estimation

Let the symbol & denote a perturbation. If $%, §§, 8x, OB
» 90 and § L are not correlated the following relation is obtained.

a) Stereo Angles System

Y = n" .E(w)z 0 T .
'°'~ ’ o ed§)?
(2002 o , .o o | | @
. { B
. +CBg g . ?\i{’) E(§0)2 g 6" 3l ¢*
e 0 o 0 J::(Xl)"z_J

The standard deviations of h, a and b can be computed in terms
of those of , €, =x, @, 6 and L for each point. These arc
known quantities which depend on the accuracy of the measuring devices,

b) Stereo Range System

If §&, 8§, SM, BN, §K, €L and §J are uncorrelated, the
following is obtained by the same method used to derive equation (4).

) “rE(h:).z o .o o o 13
o | 4 ] o mm o o o -
g2 PPecBg | o o xfn? o 0 sr‘_'n"['cT ) :
- ‘0 © 0 o =fw? o : o
- 0 © .0 o ‘E§N? ‘
- . : B d &
!
The standard deviations of h, 8, and b can be computed in terms #
of those of H, §, M, N, K, L, and J for each point. Equations (4) z
and (5) include the matrix G which involves all the measured quantities, 4
Therefore, the standard deviations in h, a; and b depend on the loca- .
tions of the data points in relation to the vehicle as well as on the N

accuracies of these measurements,

The slopes and gradient are calculated by the Eqs. (12) - (16)
presented wnder Task C.2.a.

Mumerical Results for Stereo Meagurement Systems

a) Stereo Angles Systems

It is assumed that the scanning mechanism can provide
any desired data point spacing at distances from 3 to 30
metars from the vehicle. Since the dats point spacing also
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depends on terrain irregularities, a flat terrain is
assumed at the start.

The distance L in Fig, 66 is assumed to be 1.0 meter,
This is the most reasonable value for a 3 meter sensor mast
height, A larger value of L can giver smaller errcrs in
measurement. But, as L is increased beyond one meter, the
vehicle's ability to observe negative slopes is decreased.
Also, if the receiver is lower on the mast there is more
chance that the reflected laser beam will be blocked by
other vehicle equipment, A rapid scan laser is assumed.

Figure 68 shows a plot of standard deviation in gradi-
ent o% vs distance, b”, from the vehicle for flat terrain
with O relative slope with 07=0.01 m. The dotted lines are
for 07=0.005m. Clearly o7 has an important effect on o’
for the stereo angles sy'tem, especially 2t close range where
decreasing o7 from 0.0lm to 0.005m reduces the value of oy
by fifty percent, As expected, larger data point spacing gives
smaller values for the standard deviation in gradient. At
close range, data point spacing of 0.66m or less is required
because 0.66 meters is the width of the widest navigable cre-
vice, If 63, is desired to be less than 2° it appears that

oi must be about 0.005 meter or less.

The standard deviation in the distance L ( op) may re-
sult from changes in the sensor mast, expansion or contraction
due to temperature changes, or from uncertainties caused by
the laser equipment,

Figure 69 shows the plot of o5, versus relative in-
path slope from -27° to +50° at a distance of 4 meters from
the vehicle. The vehicle cannot measure negative in-path
slopes of more than -27° because the terrain obstructs the
line of sight. The cross-path slope, x;, is set co 0° and the
in-path slope, x5, is varied from -27° to +50°. The standard
deviations o7 and o, are varied in Eq. (4) and the results
used in Egs. %15) and 116), Tagsk C.2.a., to calculate the
quantity o In Figure 69 the data point spacing is 0.6
meter as teqﬁired at the 4 meter distance. The stereo angles

system estimate of the standard deviation in gradient 6;8
is quite sensitive to the relative in-path slope.

Figure 70 shows the standard deviation in gradient o
vs. relative in-path slope from -6° to +50° at a distance o§
20 meters from the vehicle, The terrain obstructs the view of
the in-path slopes for more than -6° relative slopes at 20
meters. For this graph the data point spacing is 1.2 meters.
At 20 meters the standai.d deviation 0p, increases drastically
with increasing relative in-path slope To obtain the quantity
o3g less than 30 for all relative in-path slopes up to 50°
the standard deviations 67 should be less than 0.00lm and @}
less than 6",

Figure 71 shows the standard devtation in gradient vs.
relative cross-path siopes from 0° to +50° for distances of &
and 20 meters with data point spacings of 0.6 meters and 1.2
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meters respectively. If the standard deviations oj=1'
and o = 0,005m, or less, ithe value of d;g is less than
2,5° et both distances.

b) Stereo Range System

As in the stereo angles system, it is assumed that
the rapid scan transmitter at T, (Fig. 67), can provide the
desired data point spacing for flat terrain, The separation
distances L and J are both assumed to be equal to one mecer.
The one meter value is reasonable for the horizontal separation
distance J because a larger J will require a more massive
support,

It is assumed that the standard deviations in L ard J
are equal since the system configuration is somewhat symmetric
in the hurizontal and vertical directions, These uncertainties
may result from changes in the support dimensions and from the
laser transmitter and its 3 receivers,

The range standard deviations o4, Oy, and oy are all
assumed equal to 2 og. These standard deviations and the data
point coorainates are employed to calculate the quantity o, sg
in Equation (5), Eqs. (15) and (16), Task C.2.a.

Figure 72 shows og. V8. distance, b from the vehicle
for flat terrain witl relative slopes = 0° and o= 0.001m.
The solid lines show the quantity a’ when the value of 7= 07
is 0,01lm &nd the dotted lines when a = g7 {8 0,005m. The
standard deviations in gradient o %o de stereo range sys-
tem are not sensitive 20 the standagd deviations in separation

distances °£ and d‘

Figure 73 is a plot of the standard deviation in gradient
vs. rclative in-path slope at a distance of 4 meters from the
vehicle having data point spacing of 0.6m, In this case %g
decreas~s as relative in-path slope increases to +50°. From
the figure it iy concluded that to obtain the value of c’s
to be less than 2° for most relative in-path slopes, the magni-
tude of Oof must be 0,00lm or less and the magnitude of of
nust be O.OOJn or less.

In Figure 74 the stendard deviation in gradient is plotted
against relative in-path slopes ot a distance of 20 meters with
data point spacing of 1.2 wmeters. In this graph the value of
the quantity dfs fncreases slightly as relative in-path slope
1ncroaseo to +50°. To obtain a maximum standard deviation o3,
of 2° when the value of o0y is 0.005m, the range standard devia-
tion of must be about 0.005m,

The results which have been obtsined are cummarized in Table VIII.
On the basis of these calculations and on the presented and projected
state of the a.c relating to rangefinder devices, it is concluded that
the non-stereo range angle method studied under Task C.2.a. is superior
to both the stereo~-range and stereo-angles systems.

.
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TABLE VIII

\

COMPARISO; OF STEREO AUD 3105=-3TEREO

MEASURZZITS USING .FOUR POIINT PLANE FITTING

SYSTEM  HAX. RAIGE
; STD, DEV,

Oy

4t 4 peters froa the vehicle:

MAX, ANGLE -

STD. DEV.

- Qa

. stéreo-Rangé - 0.001 meter . oo
Stéreo-Anglés © me——— 1 minute
Non=sterco 0.01 me£er 1 ;inute

. At 20 neters from the vehicie:
| Stereo~Range 0.0005 meter —————
siereofAncleé ..4-77--';" ' 6 apc-scé.
. Non=stereo . 0.02-0,03 meter 1 minute
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."MAX. DISTAICE
L & J
STD. DIV,

.= G;

0,005 reter
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0.005 neter

0.001 meter
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Task C.3. Path Selection System Evaluation

S. Boheim, M. Szymanski, G, Ditlow, R, Campbell, R. fimounds
Faculty Advisor: Prof. D. K. Frederick

The objectives of the present effort have been threefoli: the con-

tinued development of a computer package which will provide the capabilitw of
dynamically simulating a wide variety of sensor, terrain modelling. ar ! path-
selection algorithm combinations; the generation of criteria for the quantita-
tive evaluation and comparison of the system's performance; and the use of
these criteria in evaluating proposed systems.

concentrated on the development of the major features of the computer simulation

Previous efforts in the area of path-selection system evaluation have

package and have been summarized in Reference 18. The progress attained during
the past year consists of the following:

a}> Extension of the program to include an emergency backup
mode and to incorporate nonzero vehicle dimensions.

b) Addition of indices for safety and for obstacle detection
errors to the quantitative performance measure,.

c) A comparison of the relative merits of vehicle- and
vertical-fixed sensor configurations in terms of their
effect upon path-selection system performance.

In addition to the above tasks, considerable effort was devoted to the various
and sundry chores associated with the enhancement and documentation of a large
computer program., Such items included reprogramming for reduced running time

.and storage requirements and improved output.

After a brief description of the program's structure, the specific

accomplishments noted above will be described, followed by a statement of the
goals which have been set for the coming year.

A.

Program Structure

As indicated in Figure 75, the computer program for the simula-
tion and evaluation of proposed path-selection systems has been
structured so that each block contains a separate function, thereby
allowing substitution of alternate simulation schemes without major
reprogramming. Briefly, the entire system operation can be divided
into four major portions. These are: 1) terrain characterization,
2) path-selection system, 3) vehicle dynamics, and 4) system evalua-
tion and simulation display,

The terrain characterization portion is used to generate a very
general terrain which includes boulders, crevases, craters, and cliffs.

The path-selection system provides the functions of 1) semsor
operation simulation, 2) terrain modelling (i.e., determining if an
obstacle is present at a particular heading), and 3) path-selection
algorithm,

The third major portion of the program is the vehicle dynsumics
simulation in which the response of the vehicle to the commands of
the path-selection systemis simulated by determining how the moving
vehicle is affected by the terrain and how this in turn may affect
the path-selection system,
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Finally, the system evaluation and simulation display supplies
visual information indicating what the vehicle is doing, and what
the terrain looks like. In addition, this portion assigns a numeri-
cal value to the system's overall performance.

In the following sections the major refinements to the computer
package are described, followed by an evaluation of the effect of
sensor gimballing upon the performance of the path-selection system,

Vehicle Backup Capability

In simulations reported in Ref. 18, no penalties were imposed
upon a vehicle which struck an obstacle, thereby giving an unrealistic
assessment of its performance, As a means ¢f eliminating this defici-
ency, an emergency path-selection algorithm with optional backup
capability has been incorporated into the simvlation package. This
subset of the path-selection algorithm is only used when the vehicle
encounters an obstacle it cannot negotiate. The vehicle backup
function constitutes a separate block, Figure 76, which can be called
only by the emergency mode of the path-selection algorithm,

The two major considerations taken into account during the develop-
meut of the vehicle backup capability were flexibility and realism. Any
addition to the overall simulation program must not degrade these con-
siderations, Flexibility is of primary importance because the substi-
tution of alternative path-selection systems must be performed with a
minimum of effort for the program to be useful. Realism is necessary
to ensure reliable system evaluation,

The backup block requires three parameters to be specified by the
user, namely, the heading, speed (assumed to be constant), and distance
of the backup maneuver, The program simulates backup motion and then
passes the new vehicle location to the path-selection algorithm after
the backup is completed. Overall simulation data, such as total
elapsed time, total distance traveled, and total battery time used are
tabulated, thereby penalizing the quantitative performance evaluation
figure computed by the program,

The backup process is performed by the program in step increments
of one half meter, unless otherwise requested by the user. The bLlock
also includes the option of simulating an ideal mechanical semsor, at
each increment, The mechanical sensor checks the safety of each incre-
ment by calculating the in-path slope immediately behind the vehicle
and comparing this slope with a prescribed limit (commonly chosen as
30 degrees). If the calculated in-path slope exceeds the limit, the
vehicle stops and does not traverse this increment. Control is now
returned to the emergency mode for the vehicle to receive the next
command, Figure 77-A shows the simulation of a safe backup path in which
all slopes are within the allowed limit, In Figure 77-B the boulder is
detected by the sensor since the angle 65 is sufficiently large to ex-
ceed the slope limit.

When the control returns from the backup procedure it is up to the
emergency mode of the path-selection algorithm to make the next decision
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as to the vehicle's heading. Such a decision might call for turning
the vehicle a certain number of degrees and scanning for a new path to
the target or perhaps providing mission control a television picture
of the situation and waiting for instructions,

In the area of program refinements, effort has also been devoted
to endowing the vehicle with a nonzero width so that it must have
sufficient clearance on each side in order to pass by an obstacle. As
originelly programmed the vehicle was t.:ated as a point mass and in
principle could pass between two very closely spaced boulders.

A computer simulation demonstrating a vehicle backup maneuver is
shown in Figure 78, When the vehicle fails to successfully negotiate
the boulders a backup of six meters is performed. Upon completion of
the backup the emergency mode commands the vehicle to turn 45 degrees
clockwise and look for a safe path., This procedure allows the vehicle
to find a safe path to the target.

Performance Evaluation

The performance index that had been used to date in the simulation
consisted of an equally weighted sum of indices measuring:

1) path length .
2, time taken to arrive at target position
3) Dbattery usage time

The minimum values that could be obtained by a three dimensional
straight line path from initial position to target were used as a

base line for the performance evaluation, Subsequent simulations,

Ref., 18, have shown that these measures alone are inadequate to evalu-
ate the performance of a path selection system due to the fact that
increases in time and path length that occur when the vehicle strikes
an obstacle are generally small and cause only small decreases in the
performance index. Using these mersures alone near perfect scores were
avarded to imperfect systems that failed to detect obstacles and ramn
into them,

To improve the performance evaluation two additional indices have
been added, namely

4) safety index
S) detection error index

The first new index is an additional measure of path quality,
penalizing the system for approaching too close to and striking
obstacles, The second penalizes the system for failing to detect any
obstacles it may encounter in its path, The manner in which each index
has been defined and implemented will be described below,

1. Safety Index

Having decided that a measure of path safety is desiradb’e,
the problem of measuring it for any arbitrary path on any arbi-
trary terrain arises. The sclution decided upon consists of

ik awr
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characterizing the location of each obstacle by a point in
the horizontal (x,y) plane, computing the distance from the
vehicle position to this location, then penalizing the system
according to the distance between the vehicle pusition and
the assigned obstacle locaticn, The types of obstacles for
which the safety index is applicable are boulders, craters,
cliffs, and crevasses. For slopes which are too steep for
the vehicle to negotiate no specific penalties are imposed

by the safety index.

To implement the safety index, the location of each
obstacle iz cnaracterized by a point in the x,y plane, de-
noted by the coordinates x,,y,. For a boulder or crater,
Xo and y, are at the center of the obstacle's circular pro-
file in the x,y plane. However, since the edges of cliffs
and crevasses are second-order polynomials in the x,y plane,
their leccation is characterized by that point on the edge
which minimizes the distance in the x,y plane between the
vehicle and the edge of the obstacle.

The distance, denoted by D, in the x,y plane between
(xo,yo) and the vehicle's current position is computed for
each obstacle at every sensor scan ard when the enargency
mode is activated. This distance is then converted to a
danger cost according to the function sketched in Figure 78,
where Dy is the radius of a crater or boulder, or half of
the vehicle's length for a cliff or crevasse and Dy is the
desired pass buffer for the obstacle type. The values of
the parameters D] and D, are specified by the user for each
obstacle included in the terrain,

Finally, a running total, P, of the penalties assessed

by the program is kept and the value of the safety index is
computed according to the formula

SAFETY INDEX =

1
1l + Pt

Clearly, the value of the safety index will be between O
and 1, with unity being the maximur attainable.

2. Detection Error Index

As indicated above, the purpose of this index is to
penalize the path-selection system for failing to detect an
obstacle which lies within its scan region during anv scan
interval. Since the computer program knows the vehicle
location and heading and the location of each obstacle in
the x,y plane, it can compare this information with the out-
put of the sensor simulation to determine if a specific
obstacle has been detected, i,e,, has caused the path-
selection system to detect the existence of no-go lines of
travel within the scan region. Failure to detect the
presence of no-go lines of travel in the scan region when

129.
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an obstacle exists in the region is counted as a detection
error and the system is penalized accordingly.

The implementation of the detection error index is
illustrated in Figure 79, where IND is a no-go line of
travel indicator provided by the path selection system that
has the value 1 when the system detects a no-go line of
travel in the scan region and 0 otherwise. In the situation
shown in Figure 79, the computer program has determined from
the size of the scan 1cgion, the vehicle location and head-
ing, and the obstacle location information, that a portiom
of the obstacle lies within the scan region during the
current scan interval, Since the value of the indicator
provided by the path selection system is 0 (indicating no
detection of no-go lines of travel in the scan region during
the present scan interval) the program has counted a detec:ion
error against the system,

Finally, a running total, Njp, of the number of detac-
tion errors assessed by the program is kept and the value of
the detection error inde: is cumputer according to the formula

1

| 1+ NDE

Clearly, the value of the detection error index will be be-
tween 0 and 1, with unity being the maximum attainable,

DETECTION EKROR INDEX =

The computer simulation shownm in Figure 78 was run both with and
without the implementation of the ..fety and detection error indices.
The vehicle backup that occurs was initiated by an ideal mechanical
sensor that detected the presence of a boulder in the vehicle path
after the path selection system failed to do so on the previous remsor
scan, Without the implementation of the new indices, the path selertica
system being used was awarded a perfurmance index of 0.9/7. This nearly
perfect score was awvarded even thou_h th. system had failed tu detect an
obstacle in its path on the one occasion that an obstacle avoidance
situation arose.

The simulation was then duplicated, but this time the safety and
detection error indices wer: used in the system's performance evaluatiom,
These indices were assigned weights of 0.70 and 0.15 respectively, while
the path length, battery drain, and trzvel time indices were each assigned
a weight of 0.05. A safety buffer of 1.5 meters from the edge of each
obstacle was specified. The results of the simulatiou i{ndicate that the
system vas penalized for three detections errors and for approaching the
boulders to less than 1.5 meters on three occasions, With the implemen-
tation of the new indices, the same szystem performance was nuw arvarded
a performance index of 0.428,

Sensor Orientation Comparison
1. System Description

One aspect of this year's work has been a comparison of vehicle-
fixed and vertical-fixed sensor systems. In the former system, the




‘-xis»:alg

S

P

132,

sensor laser beam 1s maintained at a fixed angle of 82.4° with
respect to the vehicle's mast wh.ch is itself fixed wi.h respect
to the vehicle, 1In tho latter case, the beam is meintained at an
angle of 82,4° frem the loca! planet vertical, see Figure 80.

In both cases, 17 equally spacea range measurements are made
within 40° scan ahead of the vehicle. For modelliug purpnses, the
terrain is assumed to be linear trom 2 point underneath the vehicle
to the impingement point of the laser beam, By comparing the re-
sulting calculated slopes of the lines from the point under the
vehicle to the 17 impingement pcin.s with acceptable maximum anA
minimum slopes of + 30 degrees, the terrain mcdeller builds ~ 17
element go/no~go wap corresponding to the 17 possible jaths in .ront
of the vehicle, That direction closest to tae current targei heading
is selected for travel,

If the slope is too great for travel in the direction the vehicle
is currently heading, the surroundiug paths are successively investi-
gated until an unobstructed path is located and a steering command
generated. Should all 17 paths indicate .pstacles, i.e., slopes which
are too great, *he vehicle rotates 30° clociwise and repeats its scan,
The vehicle is inicially pointed toward its tar_et position and the
mid-range sensor is used every 3 seconds.

2, Terrain Description

The two sensor systems were compared by usiug the computer
program to simulate their responses over four terrais., In each
rase the terrair consisted of a sloping plane containing either a
boulder or r crater dirzctly between the vehicle's strrting foint
and target, The terrain parameters are summarized in Table IX below.

TABLE IX
TERRAIN PARAMETERS

Terrain In-2ath Cioss~-Path Obstacle
Number Slope Slope Type
- (degrees) (d_grees) -

1 - 25 J Boulder

2 0 25 Boulder

3 + 25 0 Crater

4 + 25 0 _Boulder

3. System Pexforma~ce

Cases vere first run in the absence of any random cffects and
then random noive was added to the deterministic values of the
vehicle'. in-path and cross-path slopes in order to simulate sensor
attitude changes caused by passing over am irregular terrain surface,
e.g., small rocks and depressions. The terrain map and vehicle path
generated by a typical run are showm in Figure 81,
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While the terrain modelling subsystem and the path-selection
algerithm used in these comparisons are not the most effective -
vwhich can be designed and the terrains used are certainly not com-
prehensive, certain conclusions can be drawn from the results.

a) The vehicle-fixed sensor gave more reliable in-
dications of positive obstacles than the vertical-
fixed one,

b) Both systems are sensitive to cross-path slopes,
but the vertical-fixed version more so than the
other.

¢) Negative obstacles, e.g., craters, appear to pose
more serious detection problems than positive ob-
stacles, e.g., boulders for both types of systems.

d) Direct range measurements seem to provide a bhetter
indication of positive obstacles than the computer
slope values used in the simulations.

E. Summary

Due to the nature of the computer simulation task which has
been undertaken, it is necessary to continue to improve upon the
program's efficiency and realism as it is being used to evaluate
proposed path-selection systems, Furthermore, as the prosram grews
in size and complexity, the problems of documentation and handling
grow,

As more experience is gained in evaluating various path-selec-
tion systems, the effectiveness of the present quantitative evalua-
tion criter.a must be scrutinized carefully and imprcved upon where
deemed necessary. As a natural consequence of carrying out system -
evaluations, efforts should be devoted to devising new path-
selection systems which hopefully are capable of performing better
than those studied to date,

The activities of the coming year will be devoted to the tasks
listed below, along with their target dates:
1. Refinement of the simulation program:

Addition of sideways roll (Dec, 1973)
and wheel slippage (May 1974)

2. Development of standardized test terrains (Dec. 1973)

3
:

3. Study of vehicle behavior using only a short range
(say 2 meters) sensor (March 1974)

4, Simulation and evaluation of the Cormell path-
selection system (Dec, 1973)

In addition to the above tasks, there are the ongoing tasks of im-
proving the simulation program and evaluating alternative path-selection
systems,
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Task D. Chemical Analysis of Specimens

One important phase of the initial missions to Mars is th~ search
for organic matter and living organisms on the martian surface. The present
concept for attaining this cbiective consists of subjecting samples of the
atmosphere and surface material to certain chemical and biochemical reactions
and thereafter analyzing the preducts produced, probably in a combination gas
chromatograph/mass spectiometer (GC/MS)., The gas chromatograph is proposed
for separating complex mixtures evolved from the experiments into small groups
of similar chemical species. Chemical analysis of these groups would be
accomplished in the mass spectrometer., It is the objective of this task to
provide engineering techniques and criteria for designing such a system,

The overall concept of the chemical analysis system is shown schema-
tically in Figure 82, Most of the previous effort has involved an analysis
of the gas chromatograph using simulation, Ref. 19 and 20. This technique
uses mathematical models, which incorporate fundamental parameters evaluated
from reported experiments, to explore various concepts and to direct further
experimental research. The objectives of the task have been extended to
include preliminary studies of the entire chemical analysis system., System
topics being considered include carrier ges generation and removal, and
limitations imposed by and upon the mass spectrometer,

The task problems were attacked by a four-member team, each of whom
pursued a specific assignment-

1. GC/MS system concepts

a, Mass spectrometer system characteristics
b. Carrier gas generation and removal

2, Chromatographic system analysis

a, Multicomponent chromatography
b. Chromatograph model improvement

D.1, GC/MS System Concepts .

D.l.a, Mass Spectrometer System Characteristics - M. P. Badawy
Faculty Advisor: Prof. P, K, Lashmet

It is the function of the mass spectrometer to provide mass
spectra for several inputs, Figure 82, This subtask had as its
objective the characterization of the major properties of the mass
spectrometer, the resulting relations to provide direction in de-
signing an instrument suitable for this space mission. Imn parti-
cular, those characteristics influencing power, weight, and volume
requirements of the system were of primary concern, Ref. 21,

Prior work provided a parametric study of the coupling between
the magnetic field and electrostatic potential in determining the
ion masses to be detected., Instrument resolution and the nature of
the ionizing process were investigated during the past year,

Resolution, or the ability of the instrument to differentiate
between similar masses at a given time, is estimated for the single

L — ° - - . s F.,__ . ‘{ L) o 'r“ -—-- . -— = ———— ——v _', -
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focusing spectrometer as follows, Ref. 22, 23:

HM/M = ™= + v

where

s',s" = slit widths at the source and detector ends, respectively

a
m

v

magnetic field radius of curvature

voltage used for deflection of mass M

v voltage equivalent to range of masses emanating from

the electrostatic field at different velocities

M

dispersion in m.ss detected

Similar but more complicated results for the double focusing mass spectro-
meter have also been developed, Ref. 21. These results emphasize the
importance of the slit widths, the radius of curvature of the magnetic
spectrum analyzer, and the energy spread of the instrument. Table X
summarizes the physical parameters of three mass spectrometers and pre-
sents their respective mass resolutions as estimated from the above
equations, Higher mass resolution can be achieved with more complicated
designs, e.g., the toroidal electric sector field design, Ref. 24.
However, for the current preliminary studies, the characteristics of the
more simple, single or double focusing designs are satisfactory for
representing the basic treatment,

Instrument sensitivity or the minimum concentration level detect-
able is determined to a great extent by the ionization process. The
performance of the ionization chamber, bzsed on an electron impact
source is characterized by the following equation, Ref. 25 and 26:
I=bNCOs Ie
vhere ’ ' ¥
I, Ie = fon and electron currents, respectively
b = {ion extraction efficiency
= molecular density
0 = jonization cross-section
8 = effective electron path length
Difficulty in determining the ionization cross-section limited the utility
of the equation. Ionization cross-sections for single electron emission
were available, Ref. 27. However, because knowledge of the components in :
the gas to be analyzed was uncertain, and determination of che fonization .

fragments was complicated, it appeared that theoretical treatment of the
ionization process was beyond the scope of this preliminary study.
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Experimental relations between the ion and electron currents will be
sought to complete this phase of the task,

Further work was concerned with determining the effect of major
design variables upon power consumption of the mass spectrometer.
Figure 83 shows schematically the relation between the various power-
consuming elements of the instrumeunut. Most recent studies involved
estimates of power associated with the filament of the ionization
chamber,

In generating an electron emission current for ionizing the
chemical specimens, the filament is a power consumer. Filament power,
as determined by the filament current and its resistance, is aissi-
pated through three mechanisms:

1. Power associated with the electron emission current
which is dependent upon filament temperature and volt-
age, These effects are demonstrated in Figure 84 which
is adapted from Ref. 28.

2, Thermal radiation between the hot filament and the
cooler envelope of the ionization chamber. This
effect is proportional to the fourth power of the
filament temperature.

3. Molecular conduction by gas molecules in the space
between the filament and the chamber envelope. This
effect is proportional to the gas pressure, Ref. 29
and, because of the low pressures of the mass spectro-
meter, is generally of secondary importance.

The steady state energy balance, obtained by equating the Joulean
heating of the filament to the dissipation terms, was investigatel for
several voltages and electron emitting areas. Table XI summarizes some
of the studies and sliows filament power is inefficiently used in pro-
ducing an emission current, At the high iilament temperatures con-
sidered, most of the energy is dissipated as thermal radiation. Radia-
tion shields may well improve this energy utilization. These data also
show that fine filaments are required.

These studies have determined the essential features of the filament,
Future work will involve estimation of emission current ranges required in
the mass spectrometer and the physical dimensions and voltage which re-
sult in minimum input power. After these studies are completed, the
accelerating chamber, the magnet, and the vacuum pumping system will be
considered.

D.1l.b, Carrier Gas Generation and Removal - C, W, Jarva
Faculty Advisor: Prof, P, K. Lashmet

Carrier gas, which is relatively inert with respect to the samples
being analyzed and which must be in supply for an appreciable part of
the mission, is required to propel minute samples through the column
of the gas chromatograph, On arriving at the mass spectrometer, which
operates at a low pressure (~10-4 torr), the major portion of this
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carrier gas must be separated from the sample and must be removed
from the system, Thus the systems for generating, separating, and
removing t.ie carrier gas are important to overall system design and
operation., It is the objective of this subtask to generate the
basic characteristics and limitations of several promising concepts
to aid in the design of the final overall system,

A study was undertaken, Ref. 30, to determine, as a function of
the initial charge pressure, the physical characteristics of a
spherical, high-pressure tank for storing the amount of carrier gas
necessary for experimentation, Because of diffusion of the carrier
gas, assumed to be hydrogen, through the vessel wall and its leakage
through welds, valves, etc., Ref, 31 and 32, the gas storage capacity
was greater than the requirement for the experimentation, Diffusion
rates were determined from reported data, Ref, 33. To estimate leak-
age through welds and valves, it was assumed the vessel would be
subjected to helium leak detection when charged to a practical pres-
sure taken as 34 atmospheres in this case, e minimum leak detectable
by modern leak detectors, about 106 atm, cm”/sec, Ref, 32, was extra-
polated to account for hydrogen as the gas and for the actual charge
pressure, The vessel wall thickness was estimated from standard
equations, Ref, 34,

] many P -_—— C ] ] aln .-

{ Estimates of vessel size and weights as affected by chz:ge pres-
sure and operating time are shown in Figures 85 and 86, These estimates
are based on the following assumptions:

1, Construction - fiber reinforced stainless steel
containing 1/3 metal by volume, Ref., 35.

2. Allowable working stress - 4.5 x 108 N/m2
(66,000 psi), R2f, 35.

3. Gas flow rate for experiments - 2 std cm3/m1n, Ref. 36.
4., Flight time to Mars - six montus
5. Maximum temperature - 300°K

Although diffusion and leakage were considered in these studies, these
processes contributed only about 1% to the vessel volume. The vessel
weights, shown in Pig. 86 to be approximately independent of charge
pressure, are for the shell only. The pressure regulator and its
mounting boss will contribute an additional ome kgm approximately.

It vas a major objective of this study to examine the merits of
the gas storage vessel especially relative to a water electrolyzing
cell proposed earlier, Ref, 37, It is estimated that the gas storage
tank will weigh approximately 60% more than a comparable electrolyzing
cell system but will occupy about the same space depending upon the
charge pressure. It thus appears that if reliable fiber-reinforced
vessels having about four times the allowable working stresses of
stainless steel, can be fabricated, the concept of the high-pressure
storage vessel has promise, especially since the system is simple.

G SED R N e el ey peen




REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR.

145,

*339yds 98D JI[IXN) JO IZTS U0 JwWLl uojzexadp puv axanssaxd dBxwyd JO 30933T  °CgunIrd
me ‘xnssaxd adxey)

OOHKT 0oeT 200T 008 009 oon 002 o

A

PO

1s &

- e
. -

c e e ee = e sam
—— P e -+ —— -
Pamriatind § .o . e
- -
—

-~ o .

» "mtpu 108894

— ——— =

r



=

* REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR.

M "
—— i —

<

146,

004T

002t

.

*oxoqds sB9

me ‘axnssaxd 33avyd

—.b. .

oo o o —— - ~ o

I9TIIV) JO FYBISM TTAUS UY SWL] uoj3vzadp pue axnssaxd e8xwy) JO 399354 -gg ML

$°0

K R L B
' A
! ‘ LR )
I T R I R
. . PR R b
NELIRET I 8} KK
’ N H
RES
SR

. IER K
PERR IS % I

o°T

wix ‘3yBtan TSSO

— ] “.ﬂ

.o ———
. -

.o

P

- ——t— o —
-
—— ———
[ N .-
o .- ..
-
-
3
S

- 03

s oms! e GEB GER @D




w1 s ar

[
[

147,

Except for possible minor improvements in the calculational
procedures, this preliminary study has been completed, and a technical
report will be issued in the near future.

A carrier gas removal system must be considered because the opera-
ting pressure of the mass spectrometer is about 10~’ times the pressure
expected in the chromatograph, Ref. 38, The palladiun-silver alloy/
hydrogen gas separator has been proposed, Ref. 36. In such a system,
hydrogen flowing in a4 palladium tube diffuses rapidly through the heated
tubing wall in comparison to o*her gaseous materials. This subtask is
concerned with developing technical procedures suitable for the design
of such a ur’'t as well as with assessing its merits,

For the initial studies, the steady state of a system containing
only hydrogen was considered, Ref, 30. Hydrogen diffusion rate through
a palladium wall is proportional to the difference between the square
roots of the hydrogen gas pressures at each face of the wall because of
dissociation during diffusion, Ref, 39, From this diffusion rate equa-
tion, a first order, nonlinear, differential equation was developed
which related the rate of material flowing at any point in the tube to
the rate the gas diffused out of the system. Combined with a second
order nonlinear momentum balance equation, a describing set of equations
for this system was formed which required numerical solution, This
analysis assumed a flat velocity profile, pure hydrogen flowing through
the palladium tube (no presence of sample), and radial flow of the
diffusing gas through the palladium walls,

These first studies showed the hydrogen pressure to be approximately
constant over the tubing length, thereby eliminating the need for the
momentum balance, The remaining rate equation was integrated directly,
Figure 87 shows the estimated hydrogen flow rate as a fr. .tion of the
inlet flow rate for such a palladium tube under the following conditionms,
Ref. 36:

Inside radius of tube - 7.6 x 10> cm
Thickness of tube wall - 7.6 x 10> cm
Hydrogen pressure within tube - 4 atm
Hydrogen pressure outside tube - 0 atm
Temperature - 47 and 573 deg K.

For this simplified system mcdel, approximately all of the hydrcgen
would have diffused through a tube 0.27 meter in length. This compares
to an experimental value of 0,31 meter, Ref. 36, an indication the
model and diffusion coefficients reasonably represent the system,

In an actual system, it is expected that the mass velocity of Figure
87 will approach zero asymptotically because of the presence of samples
vhich essentially do not diffuse through the tubing wall. In the future,
equations accounting for the presence of sample will be developed. The
present study also considered the hydrogen pressure outside the palla-
dium tube to be approximately zero. Pumping means such as combining
the diffused hydrogen with oxygen on the tubing wall, Ref. 36, is a

| re—— — -0 - n . - - —
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topic of future work. Other topics worthy of consideration include
estimations of mechanical breakdown due to temperature and pressure
cycling and chemical breakdowns due to contaminants.

Chromatographic System Analysis

D.2.a, Multicomponent Chromatography - A, J, Meisch

Faculty Advisor: Prof, P, K, Lashmet

Linear mathematical models of the chromatograph have been developed
for single chemical components and have been solvea, analytically for
an impulse input, Ref. 20, 40 and 41. Other work, Ref. 19, which used
data from a chromatographic test facility, has shown that convolution of
the actual input data with the theoretical normalized impulse response
gives a reasonable representation of the actual chromatogram for a single
component.

It was the objective of this subtask to experimentally evaluate
the mathematical model for multicomponent chemical systems using super-
position of single component data. Specifically the equilibrium adsorp-
tion model, Ref. 41, was considered:

Y(8)

’\[pPe/ldT' 63 exp [-(Pe/&g 0) (o -13)2]
where
P = 1+ /my)
= dimensionless time - vt/L
v = carrier gas velocity
t = time
L . column length

Pe = the Peclet number, a dimensionless measure of
sample diffusion in the carrier gas

=R = a thermodynamic parameter, specific to the
chemical system considered .

Y = compogition response to a unit impulse

This model assumes the gas at each point to be in equilibrium with the
solid adsorbent; i.e., the column is very long. The Peclet number is

a function of the fluid mechanics and the physical properties of the
system and is predictable, Ref. 20. The parameter mR, is specific to
the system and is determined from the system data using a curve fitting
technique, Ref, 19,

Extension of the model to multicomponent chemical systems using
superposition of pure component data was proposed., Experimental work
reported earlier, Ref. 20 om the binary system n-pentane/n-heptané on
a microporous adsorbent Chromosorb 102 column (see Table XII) showed




- .

Table XII

COLUMN CHARACTERISTICS

* Chromosorb 102

Length (cm)

Outside Diamefer(cm)‘

Inside Diameter(cm)
Mesh
Particle Size(cm)

composit{on

100
0.32"
0,22

-. "60/80
0.025/0.0177

Microporous
Styrene-Divinyl

" Benzens Polymers

Tqmperaturé.Range

Applicétion

Room-2500C

Separation of low
.amolecular weight,
very polar sub-
stances such as
water, alcohols,
amines, acids,
esters, ketones,
ethers, aldehydes,
and to a limited

extent, }1ght gases.

150.

.Carbowax 1500

100

0.32
0.22
~_60/80 -
0,025/0.0177

Polyethylene Giycol

" 20% by weight

Room-150°C

Separation of high
boiling polar com-
pounds, Ge eral

purpose co.umn for

_polar samples,




151.

superposition was only a first order approximation and large devia- -
tions were noted. This subtask had as its objective the verifica-

tion of the previously observed discrepancies and the generation of

additional multicomponent chromatographic data, Ref. 42,

porous Chromosorb 102 column have been obtained at 150, 175, and
200°C and for mixtures containing zero to 1007 n-pentane by weight.
As showm in Tigurc 88, thc pcak times for the muiticomponent system

- lagged peak times predicted from superposition of the pure component
data. This time lag occurred for both compounds for all mixtures con-
sidered as shown typically in Table XIII and it increased as the com-
ponent composition became more dilute,

The peak time is primarily related to the parameter mR_, Ref, 41,
As the peak time varies with sample composition, it is possible that
mR; is composition dependent. The component compositions in the helium
carrier gas are not small (-- 102 mole fraction), and there may be
possible interaction effects at the adsorbent surface. Figure 89 shows
the values of mR, necessary to superimpose the model upon the data,
This is empirical, and future work will consider interact.o’ns between
the system differential equations,

' Chromatographic data for the system n-pentane/heptane on the
d

To determine if these interaction ef ects were attributable to the
porosity of the Chromosorb 102 adsorbent, the chromatographic separation
of n-pentane and n-heptane was attempted on a nonporous Carbowax 1500
column described in Table XII. Separation was not effected because of
similar adsorption characteristics and large sample dispersion of the
input sample. Possible modificationsz to the injection device to reduce
the input pulse width as well as selection of a more favorable adsorbent
are being considered.

To improve data handling and consistency, a more automated data
processing scheme outlined in Figure 90 was considered. Implementation
of the proposal with existing major hardware appeared feasible. How~

. ever, manual analysis of the stripchart chromatograms yielded about
twice the resolution obtainable from the automatic processing system
vwhich was limited by the A/D converter of the available minicomputer.
The proposal was rejected, and possible changes to the detector control
circuits to obtain full scale readings with most samples are being .
considered.

pom— e

Experimental studies on the porosity and pore-size distribution
of the adsorbents were begun., These data are required for accurate
prediction by the improved mathematical models being developed (see
Task D,2.b.). Initial data were obtained with a mercury porosimeter
using a sample holder more suited to coarse adsorbent particles than
to the 60/80 mesh particles of the chromatographic columms, The data
appeared qualitatively reasonable, and work will continue upon receipt
of & more suitable sample holder.
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. - Table XIII
TIME LAGS IN _BL\'.\RY DATA

" Pentane-Heptane System on C-102
Flow Rate of 29.%4 cc/min at 150°C

|

o | o Composition . " 'f4me of Pentane -  Time of Heptane
-1 ) * weight ¢ ) ~ Peak, sec " - Peak, sec
I . 100H - e - 285.5 -
' 9YH- 1P .- . 95.0 2040
T5H- 25P 88.5 . .301.5
50 H - 50P . 86,0 | 327.5
5H- 5P . @0 . 360
1H- 93P | .85 . W35
© 10P " 80.5 T

\

¢
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D.2.b, Chromatograrh Mcdal Tmprovement - P, T, Woodrow
Faculty Adviscr: Prof. P, X, Lashmet -

Prior to July 1972 the mathematical model of the chromatographic
column was based on a packing material which either was non-porous or
allowed pore diffusion and subsequent adsorption to occur at such a
high rate that the resultant system dynamics were not significantly
affected, Thus, in modeling the system, only interparticle and
adsorbed phase mass balances were considered, The applicable partial
differential equations, assumptions, initial conditions, and boundary
conditions have been presented elsewhere, Ret. 20, These equations
showed the predicted chromatogram to be a function of three variables:

mK., = a thermodynamic paramcter, specific to the

0 chemical system considered
NtOG = the number of transfer units, a dimensionless
measure of diffusion rates to the adsorbent surface
Pe = the Peclet number, a dimensionless measure of sample

diffusion in the carrier gas.

Y

Solutions to this system of equations have been reported, and cases
of equilibrium adsorption (Ntoc—? Q0) and non-equilibrium adsorption
(N is finite) have been compared with experimental data, Ref, 20, It
was concluded that for the ranges of parameters encountered in typical
chromatographs, consideration of a finite rate of mass transfer (Nt
is finite) yields minor, at best, improvement in output chromatogram
predictions. In addition, the predictions of peak height and spreading
were inadequate for some exper -ental conditions and chemical systems.
It appeared that another mechanism not considered in the model formula-
tion was responsible for the discrepancies between prediction and experi-
ment. As the adsorbent (Chromosorb 102) was porous, Table XII, the
mechanism of intraparcicle diffusion warranted investigation.

4

Consideration of the intraparticle diffusion process as well as
the rate of surface adsorption yielded a new system of equations showm
in Figure 91 and having the following parameters and variables not
defined previously:

m = thermodynamic equilibrium constant

NRU = the number of reactor units, a dimensionless
measure of the rate of adsorption

Pe, = intraparticle Peclet number, a dimensionless
measure of diffusion rates within the particle

Pe, = interparticle Peclet number, a dimensionless
measure of diffusion rates in the carrier gas

L/R = ratio of column length to particle radius

RI - moles of fluid in particle .per mole of adsorption
sites .

r = intraparticle space variasble, dimensionless
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x = adsorbed phase co. >osition, dimensionless

y = interparticle gas phase composition, dimensionless
; y; = intraparticle gas phase composition, dimensionless
i yf = equilibrium intraparticle gas phase composition,
! dimensionless

z = longitudinal position in column, dimensionless

As an aid to eavisioning the various transport processes incor-
porated in this new chromatograph system formulation, Figure 92 is
included. In the interparticle region, material is transported by
convection (i.e.,, by carrier gas flow) and by turbulent and molecular
diffusion in the axial direction, which is characterized by the inter-
particle Peclet group, Peg. The transport from the interparticle
region to the intraparticle region is characterized by the dimension-
less mass transfer coefficient, Nyogz. Transport by diffusion within
the particle - the intraparticle region - is characterized by the
intraparticle Peclet group, Pey. The rate of adsorption from the
intraparticle gas phase to the adsorbed phase within the particle is
characterized by Neus the number of reactor units.

The transfer function of the system of Figure 91 is given in
Figure 93. Before attempting an inversion of this equation, a moment
analysis of the model hereafter designated as the Inter-Intraparticle
Adsorption Model was undertaken to determine gross behavior,

The three moments of a chromatogram, Ref. 41,

SRR AN

which are derivable directly from the system transfer function and the
noments of the input or sample injection pulse, give an indicatlon of
the time for peak appearance, the dispersion, and the skew respectively.
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Figure 92. 159,
CHROMATOGRAPHIC COLUMN

INTER-INTRAPARTICLE MODEL CONCEPTS
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Tables XIV and XV compare chromatograph moments obtained from
ethylene and acetone data, Ref., 20, with predictions from the inter-
particle equilibrium adsorption model, Ref, 41 (see scction D,2.a.
above) and the new model. A priori calculation of (L/R), Pep, Peg,
Ntog was possible from the experimental conditions. The values of

mR, determined earlier, Ref. 20, were used, and computations were
made for several values of Npy. In both cases the new model more
closely predicts the mean 4y, | although differences between the two
models and the data are small. More importantly, the new model is
capable, in both cases, of better pgfdicting the dispersion /v,, and
more closely approximates the skew i 3. The values of N y necessary
for matching 4 o for both systems are of the same order of magnitude
and are in reasonable accord with other independent data, Ref. 43.
The differences in the gross behaviors of the two systems as repre-
sented by the respective moments is primarily a result of the parameter,
aR, as all other parameters are of the same order of magnitude. As a
result of the moment analyses and parametric studies, it appears that
the proposed model will yield more adequate chromatogram prediction.

The solution to the equations of Figure 91 is presently being
considered, It appears that inversion of the traunsfer functiom of
Figure 93 is not feasible, and an analytical solution is probably not
realizable. The simplified situation of negligible mass transfer
resistance (Ntocﬁ* =< ) and equilibrium adsorption (NRUJ? ¢ ) was also
investigated., It appeared that the resulting transfer function while
c~nsiderably less complicated, is also not easily inverted. Thus, the
application of an appropriate numerical technique is required for the
solution of the system equatioms.

Prior to obtain the final numerical solution, several preliminary
studies were required. The se:ond order equations of Figure 91 require
two boundary conditions which prsscribe the solution behavior at two
points in the space domain, as well as a set of initial conditioms,
Thus a2 complete description of the interparticle mass balance of Figure
91 becomes

(1/pe) (3 y025) - Os /33) - R = (3y/0) (@)
y (2, 0) =0 (2)

y {0, ©) = A§ 0>0 | (3)

1im y(z, ) = finite ©>0 ()

2>

where R is the rate of adsorption of the samples, Equations 3 and 4

are the boundary conditions that have been previously used for develop-
sent of the analytical models. However, use of Equation 4 as a terminal
boundary condition is impractical for numerical treatment an: must be
replaced with an appropriate finite terminal boundary condition. It is
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TABLE X1V

MOMENT ANALYSIS AND PARAMETRIC

STUDY - ETHYLENE 50°C.

R " (1) | (2)

0 l! cbserved ”1! predicted ull greclicted
0.194 26 .475 : 25.986 23.719 '
Ngy ¥p 'y )

observed predicted predicted

100 T.024 13.283 . 0,388
200 6.973

400 3.817

800 2.240
1600 1.451
3200 1.056
6300 0.829
12800 0.760
25600 -y— 0.711 __Y_
Nry "3 -‘Igl) T‘ga)

observed predicted Bredﬁ.cted

100 19.623 13.049 0.191

200 3.519

400 , 1.058

800 0.403
1600 0.219
3200 0.163
63% . " 0,14k
12 0.137 '

25600 .1[_ 0.134 . .:*L
Pe, = 9Tuk |
ntOG = T9750

(L/R)°/pe, = W32

21; Inter-Intraparticle Adsorption Model
2) Interparticle Equilibrium Adsorption Model

162,
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TABLE Xxv

MOMENT ANALISIC sND PARAMETRIC

STUDY - ACETONE 100°C.

j mR " (1) ' (2)
1 0 1,observed "lmredicte_c_!_ ul,predicted
‘ 0.029 173.29 : 158.69 156.49
' - _ (1) _(2)
NRU u2zobservec1 “2, predicted H 2,predicted
l 100 815.67 977.55 437.28
200 723.11 ,
4oo 686.34
800 X 517.80
' l 1600 L483.53
N 3200 466 .40
' l 6goo 357.83
I 12800 93.55
& 25600 Y 451,00 Yy
- i ‘ - _ Q) _ (@
" N H3,0nserved | M3, predicted H3,predicted
4 . 100 2540k .0 23192.2 19499.2
; l?00 aohEh.B
: 00 19745.3
; l 800 19555.k
Z 1600 195 1.7
3200 19485.1
l 6338 13380.1; ,
% 12 . . X 77-2
- 1 25600 Y 2194762 X
: l PeA - 8689
nm = 88960
| B
(L/R) ,/PeA = 328.,2
' 21) Inter-Intraparticle Adsorption Model
l 2) Interparticle Equilibrium Adsorption Model
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also desirable that the solution obtained by use of the finite terminal
boundary condition possess the same characteristics at the column out-
let (z = 1) as the infinite column solution, using Equation 4 as the
terminal boundary condition,

A possible alternate boundary condition sometimes encountered in
similar diffusions problem is the zero-derivative condition

.ay(zo, 0)/ Oz = 03 2021;9>0 (5)

To develop guidelines on the use of Equation 5, two cases were compared
via moment analysis:

Case 1 Case II

Equation 1, R=0 Equation 1, R=0

Equations 2, 3, &4 Equations 2, 3, 5
Specifically, parametric studies were made by moment analysis to
determine

1) errors associated with letting zg be 1 as a function
Pe and

2) the smallest z,., as a function of Pe that could be
used to approximatc infinite column behavior at z of 1,

These results are summarized in Tab 'I. Thus criteria have been
developed for accurate use of a finic terminal boundary conditioin
which can be accommodated in a numerical procedure.

Considerable effort has been spent in evaluating several numerical
methods for solving the partial differential equation set of Figure 91.
The implicit Crank-Nicolson method, which is based on finite difference
representation of the derivatives, appears impractical for this pulse
propagation problem because of restrictions in space and time discreti-
zations to maintain numerical stability, This appears primarily caused
by the large Peclet number values (1000 to 10,000) encountered in these

systems,

The method of weighted residuals (MWR), Ref. 44, offers promise,
In this method, the exact solution is approximated by a trial solution
of the form:

]
y ¥y (4, 0) Z a§“’ (e) I,_ (2)+ §,(x)
i=1
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TABLE XVI.CRITERIA FOR USING FINITE BOUNDARY CONDITION

Case I: infinite boundary condition
Case I1I: finite boundary condition

Safe zo Safe zo
Pe (“1,1 = “1,11)* (“2,1 = “2,11)**
2 9.791 11.768
L 5.254 6.021
8 . 3.043 . 3.328
16 1.978 2.073
32 1.467 ‘ 1.490
64 : 1.223 1.222
128 1.106 1.0k
25k 1.050 » 1.002
512 1.024 -1.0005
1024 1.011 1.0001
2048 1.005 1.0000
? 4096 1.002 ' ©1.0000
r 8192 1.001 1.0000
l" ' Ll
§
¥
. -8
¥ om oy S 10
- - . -8
o My -y £10




s Qi D WD U N GED OGN A GEn was oEs S dam . - - v

166,

where @ .(2) are a set of trial functions and D _(z) satisfies
the boundary conditions. If the trial solution is substituted into
the partial differential equation, a residual, R, is formed, In MWR
the weighted integrals of the residual are set to zero:

/w RAV=0 |, §1=1,2, ...N
v 3

where w; is a weighting function. In the orthogonal collocation
version 0f the method, the weighting functions are families of ortho-
gonal polynomials., This method has been shown applicable to similar
diffusion-type problems, Ref. 44, The application of orthogonal
collocation to the system models under consideration is the present
area of endeavor, It is anticipated that a technical report dealing
with this subtask from July, 1972 through August, 1973 will be issued
during September, 1973,
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V. Educational Considerations

In addition to the technical goals outlined carlier, this project
has the objective of prom¢ ing the educatiou of engineering students in di-
rections and dimensions not normally cncountered in formal programs of study.
In brief, the project activity provides real problems of substance whose
solutions are obtained not by the application of expedient simplifications
to make them manageable but rather according to the technical needs that
realistically apply to the situation, Accordingly, the students lea:n to
accommodate to trade~offs between competing values and to work with boundary
conditions and constraints originating with the factual situations and which
may be compounded by the interfacing of tasks. In this type of environment,
the student perceives that his role in professional practice will normally
involve a significant amount of interaction with other individuals and that
his work cannot proceed independently and without consideration of and im-
pingement by the work of others. Furthermore, he is forced to obtain, under-
stagd and utilize knowledge which is on occasion far removed from his own
speciality field and to undertake research when necessary to obtain tlLe re-
quired information, Although the very nature of the problems and the faculty
perspective emphasize the relevance and importance of the technical goals,
the periodic visits of Dr. Garrett Paine of Jet Propulsion, and on occesion
of other NASA :epresentatives, to review progress reinforce these concepts

dramatically.

From an educational point of view, the project has proven to be an
unqualified success. Large numbers of students (approximately 100 in five
years) have had the unique experience cf a real-life involvement in engineer-
ing problems within the context of their formal education. Although the
majority of participating students have been candidates for the Master of

Engineering degree, a significant number have pursued the doctoral degree
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and a substantial number of undergraduates have been involved. While a
fraction of the students receive financial support from the project, the
majority have clected to participate in order to receive academic ciedit,
The latter students are self-supporting, hold fellowships or are retained
as teaching assistants. The fact that so many of them have elected to work
on the project to gain academic credit indicates the interest which the

project has generated and the educational value that the participating

students perceive to be related with this activity,

During the past year from July 1, 1972 to June 30, 1973, a total
of 34 students have been involved in the project. Of this group, 3 are
following a doctoral program, 18 are, or were, candidates for a master's
degree and the remaining 13 were undergraduates. A number of the under-

graduates intend to continue their involvement in the project.

This substantial interest by the students indicates that the NASA
support ig contributing significantly and meaningfully to their education,
Furthermore, the effort to resolve crucial problems related to an unmanned
mission to Mars has been amplified by the techaical contributions of stu-
dents who are receiving no or very littl.: fin.acial support from the prbject.
Thus, this NASA project has the unique benefits of providing techmnical
support to national goals in space exploration and of enhancing engineering

education at Rensselaer.
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